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Carbonates and evaporites in the "C" zone c: the Red 
River Formation (Upper Ordovician) in the subsurface of 
Divide County, North Dakota, were studied in order to 
determine the geologic framework of porosity evolution in 
this important hydrocarbon-producing formation. Examination 
of 28 cores, petrographic analysis, geochemical analysis, 
and mapping based on 120 geophysical log suites allowed the 
characterization of "C" zone lithologies and diagenetic 
features and suggests that the entire "C" zone was deposited 
subtidally in an increasingly restricted basin, rather than 
in a subtidal to supratidal regressive sequence as 
interpreted by others in different parts of the basin. 
The "C" zone consists of three informal members: a 
lower burrowed member, a middle laminated member, and an 
upper anhydrite member. Economic porosity is limited to the 
laminated and burrowed members. Previous investigations of 
"C" zone reservoir geometries demonstrate that prediction of 
both lateral and vertical porosity in the "C" zone is 
difficult. Many previous investigators concluded that 
dolomitization is the dominant control on porosity 
distribution in the "C" zone, and subsequently tried to 
xv 
interpret porosity distribution on the basis of a single 
dolomitization model. Evidence uncovered in this study 
indicates that porosity distribution is controlled by 
variations in the degree of dolomitization, but also by 
mesogenetic dissolution of calcite and dolomite associated 
with the maturation of organic ma_cer and concurrent 
production of CO2 • Highly variable dolomite textures 
indicate multiple episodes of dolomitization, which might 
explain the difficulty of predicting reservoir geometry 
(porosity distribution) on the basis of one dolomitization 
model. 
Carbon and oxygen stable isotope geochemistry suggests 
that the initial dolomitizing fluid was seawater or 
seawater-derived brines. This penecontemporaneous phase of 
dolomitization produced planar dolomites that were 
subsequently neomorphosed or recrystallized into nonplanar 
and coarser-planar textures, as indicated by stoichiometric 
and well-ordered dolomite compositions, nonplanar and 
coarse-planar textures, depleted Sr and possibly depleted 
0180, and uniform luminescence. 
Both structural and stratigraphic traps are important 
in the study area. Consideration of porosity distributions, 
dolomitization patterns, and production trends indicate that 
the northwestern portion of Divide County is prospective and 





The Red River Formation (Upper Ordovician) of the 
Williston Basin is an important hydrocarbon producer. 
Within the Red River Formation are four informal 
stratigraphic porosity zones that have been assigned letter 
designations, in d~scending order the "A", "B", "C", and "D" 
zones. In most parts of the Williston Basin, the "C" zone 
is by far the most economic of these zones. The "C" zone 
can be subdivided into an uppermost anhydrite member, a 
medial laminated member, and a lowermost burrowed member 
(Kohm and Louden, 1978). Dominant lithologies include 
bedded to mosaic anhydrite, very-fine- to fine-grained 
dolostone, and variably dolomitized skeletal mudstone and 
wackestone, respectively. 
Production from the "C" zone in the laminated and 
burrowed members is associated with dolomitization, which 
has been shown to be highly variable in volume and 
distribution in many parts of the basin (Kohm and Louden, 
1978; Longman et al., 1983; Derby and Kilpatrick, 1985). No 
hydrocarbon production is known from "pure" limestones in 
1 
2 
the Red River Formation, although production has been 
observed in dolomitic limestones (< 50% dolomite). The 
purpose of this research on the Red River Formation is to 
attempt to establish the cause of porosity distribution, 
which involves an assessment of the relationship between 
porosity and dolomite distribution. Therefore, the 
objectives of this study are twofold: to map the 
distribution of porosity in the "C" zone, and to determine 
possible diagenetic or depositional controls on porosity in 
the "C" zone, including the possibility of controls on 
porosity distribution other than dolomitization. The area 
of study is Divide County, North Dakota. 
Area of Study 
Divide County occupies 1,303 square miles in extreme 
northwestern North Dakota (Figure 1), and is bordered by 
Burke County to the east and Williams County to the south. 
The state of Montana and the Canadian province of 
Saskatchewan compose the western and northern boundaries, 
respectively. The topography in Divide County is 
characterized by rolling hills and alternating depressions. 
Many of these depressions contain ephemeral to perennial 
ponds, floored by evaporite deposits (D. Andersen, Divide 
County resident, personal communication, 1991). 
3 
Figure 1.- Location map for area. The area of study 
encompasses Divide County, which occupies 1,303 square miles 
in extreme northwestern North Dakota (modified from Longman 
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In Divide County, 121 wells have penetrated the Red 
River Formation at the time of this study, resulting in an 
average density of one well every 10.8 square miles. Depths 
to the top of the Red River Formation range from 
approximately 12,300 ft in the extreme southeastern part of 
the county to approximately 10,300 ft in the extreme 
northeastern and northwestern parts of the county. 
Geologic Setting 
Divide County is located in the north-central portion 
of the Williston Basin, which is a broad, subcircular to 
elliptical intracratonic basin at the southwestern edge of 
the Canadian Shield (Figure 1; Carlson and Anderson, 1965). 
The basin is centered in western North Dakota and occupies 
the western two-thirds of North Dakota, portions of 
northwestern South Dakota, the eastern one-fourth of 
Montana, much of southern Saskatchewan, and extreme 
southwestern Manitoba. Subsidence in the Williston Basin 
began during the Late Cambrian, possibly as a result of 
continental rifting (DeRito et al., 1983) or renewed 
movement of Precambrian transform structures (Kent, 1987). 
Subsidence has been episodic in nature, with major periods 
of relatively high subsidence (reactivations) occurring 
during the Devonian and Cretaceous periods (DeRito et al., 
1983). These reactivations appear to be a response to 
6 
regional compressional tectonics during orogenic events. 
Some hypotheses regarding the role of tectonics in the 
development of the structural style and depositional 
variations in the Williston Basin center on movements of 
crustal blocks along weak zones in the Precambrian basement 
(Thomas, 1974; Gerhard et al., 1982; Brown and Brown, 1987; 
Kent, 1987). Macauley (1964) discussed the regional 
framework of sedimentation and tectonics for much of the 
western United States and Canada and postulated several 
areas of emergence (possible land masses) along the 
periphery of the Williston Basin during the Ordovician. 
Previous Work 
Many earlier studies of the Red River Formation and 
adjacent Ordovician formations were regional in scale and 
primarily described gross lithological characteristics. 
Other early studies described paleontology, stratigraphy, 
and regional correlations of the stratigraphic subdivisions 
of interest. Rader (1952) studied Ordovician and Silurian 
carbonates in the central portion of the Williston Basin. 
Baillie (1952) and Sinclair (1959) described Ordovician 
outcrops in Manitoba, while Andrichuk (1959), Evans (1960), 
and Kent (1960) concentrated on Ordovician formations in the 
subsurface of Saskatchewan and Manitoba. Porter and Fuller 
(1959) examined Lower Paleozoic strata in the northern 
7 
portion of the Williston Basin, and Fuller (1961) later 
published a study exclusively on the Ordovician strata of 
the same area. Friestad (1969) and Carroll (1978, 1979) 
studied the Red River Formation in the subsurface of western 
North Dakota. Wallace (1979) studied the upper Red River 
Formation in outcrop in the vicinity of Winnipeg, Manitoba. 
The most recent and the most detailed studies of the Red 
River Formation in the subsurface of Saskatchewan and 
Manitoba were presented by Kendall (1976, 1977, 1984). Kohm 
and Louden (1978, 1982, 1988) related Red River Formation 
lithologies and basin structural features to oil production 
in eastern Montana and western North Dakota. Longman et al. 
(1982, 1983, 1984, 1987) also discussed lithologies and 
stratigraphic relationships in the Red River Formation and 
their influence on oil production in northeastern Montana. 
Longman et al. placed particular emphasis on dolomitization 
and porosity formation. Dolomitization and its relationship 
to porosity on a regional basis in the Red River Formation 
were also discussed by Dow (1971), Wittstrom and Chimney 
(1980), and Kent (1984). 
Most investigations of the Red River Formation after 
1978 concentrated on individual oil fields of limited 
geographical extent or on groups of fields that were in 
close proximity. Studies of this nature were carried out in 
Saskatchewan (Kent, 1972), Montana (Clement, 1955, 1976, 
1985; Walsh, 1969; Asquith et al., 1978; Mueller and 
8 
Klipping, 1978; Sharp, 1978; Ruzyla, 1980; Ruzyla and 
Friedman, 1982, 1985; Heffner, 1985; Courtright, 1987), and 
North Dakota (Byrd, 1978; Martens, 1978; Jaafar, 1980; Derby 
and Kilpatrick, 1985; Perkins, 1991; Longman et al., 1992). 
METHODS 
Geophysical Log Analysis 
Geophysical logs from 120 wells in the study area were 
obtained from the North Dakota Geological Survey for 
examination. Appendix A lists wells with geophysical logs 
utilized in this study. 
Geophysical logs ("wireline logs") measure various 
physical parameters of formations such as radioactivity, 
density, conductivity, or acoustic character continuously 
through a formation. These parameters are useful in 
determining lithology, the amount and type of porosity, and 
the presence or absence of hydrocarbons in a formation 
(Rider, 1986, p. 1). Many different types of geophysical 
logs exist, but only the types utilized in this study are 
discussed further. 
Compensated neutron-density logs were examined for 
porosity characteristics, lithology determination, and 
correlation purposes. The neutron-porosity curve was used 
to determine total-formation porosity because the neutron-
porosity curve is less susceptible to rugose (irregular) 
borehole conditions, and thus provides a more consistent 
9 
10 
porosity measurement than the density-porosity curve. 
Borehole-compensated sonic logs were used to determine 
matrix, or intercrystalline porosity (Asquith, 1985, p. 46). 
The gamma-ray curve displays the formations' natural 
radioactivity and was utilized for correlation purposes. 
Formation, zone, or member tops were picked using the gamma-
ray curve conjointly with neutron- and density-porosity 
curves. Caliper curves were examined in order to define 
zones in the well borehole that were rugose, because rugose 
zones in carbonate rocks often indicate a zone of well-
developed vuggy porosity (Asquith, 1985, p. 8). 
Data from geophysical log analyses were used to 
generate geological maps of the study area. Structural 
contours on top of the Red River Formation were drawn to 
depict regional and local structural configurations. 
Isopach maps of the "C" anhydrite member and the "C" 
laminated member were constructed to depict their 
distribution in the study area. An isopach map of the "C" 
burrowed member was not constructed because most of the 
wells in the study area did not penetrate the entire 
thickness of the member. Maps showing the distribution of 
total (neutron) and matrix (sonic) porosity were prepared 
for the "C" laminated member and the "C" burrowed member. 
A cutoff value of~ 6% porosity was used to construct matrix 
porosity maps. However, a cutoff value of~ 10% neutron 
porosity was used to construct the total porosity maps. 
11 
This procedure was used because 10% neutron porosity 
approximates 6% true porosity in the Red River Formation in 
Divide County, as revealed by examination of core-plug 
porosity data and cross-plot (density and neutron) porosity 
curves. 
Core Examination 
Cores from 28 wells totaling 1,704 ft from the North 
Dakota Geological Survey Wilson M. Laird Core and Sample 
Library were examined in this study (Figure 2). Eighteen of 
these cores were described in detail for general lithology, 
sedimentary structures, macrofossil content, and diagenetic 
features (Appendix B). The remaining 10 cores were given a 
cursory examination to assess lateral continuity of the 
features observed in the other 18 cores. Sections of core 
containing characteristic or unusual features were 
photographed. Areas of representative core lithologies 
and/or significant features in the cores were sampled with a 
circular saw. 
Petrography 
Two hundred three samples were collected from cores 
and sent to Quality Thin Sections Company, Tucson, Arizona, 
for the preparation of standard petrographic thin sections. 
12 
Figure 2.- Core location map for the Red River 
Formation. Boxes indicate the location of cores used in 
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These samples were impregnated with clear or blue epoxy on 
27 x 46 mm glass slides and ground to 30 µmin thickness. 
Because the thin sections were unpolished and uncovered, the 
thin sections were first coated with mineral oil before 
examination with a Leitz petrographic microscope. 
Examination of thin sections consisted of identification and 
description of grain types, matrix, cements, sedimentary 
structures, and diagenetic features, with special attention 
paid to types of porosity, dolomite, and anhydrite. One 
hundred fifty-four thin sections were partially immersed in 
a solution of alizarin red S with 0.2% hydrochloric acid to 
help differentiate dolomite from calcite (Dickson, 1965). 
Dolomite was described in detail (Appendix C) and bioclasts 
were differentiated to phylum or class level (Appendix D). 
Photomicrographs of significant depositional and diagenetic 
features were taken using a Nikon petrographic microscope 
with a top-mounted 35 mm Nikon camera. 
Fifteen thin sections from the "C" laminated and "C" 
burrowed members were polished using 5, l, and .02 µm grits 
on a polishing wheel and examined for cathodoluminescence 
using a Technosyn Model 8200 MkII Cold Cathode Luminescence 
system mounted on a Nikon petrographic microscope at the 
University of Manitoba, Winnipeg. Operating conditions were 
15-20 Kv acceleration voltage and a gun current of 
350-400 µA. Several photomicrographs were taken of plane 
light-cathodoluminescent pairs. 
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Grain size terminology proposed for carbonate rocks by 
Folk (1959) is followed in this study, as are the carbonate 
rock classification system of Dunham (1962), the porosity 
classification of Choquette and Pray (1970), the dolomite 
textural classifications of Sibley and Gregg (1987) and 
Mazzullo (1992), and the anhydrite classification of Maiklem 
et al. (1969). Throughout this study, "dolomitic limestone" 
refers to limestone with< 50% dolomite, while "dolomitized 
limestone" refers to limestone with> 50% dolomite. 
"Dolostone" indicates carbonate rocks with> 95% dolomite. 
X-Ray Diffraction 
Qualitative x-ray diffraction analysis was performed on 
5 dolostone samples from the "C" laminated member at the 
Natural Materials Analytical Laboratory at the University of 
North Dakota in order to determine the stoichiometry and 
ordering characteristics of laminated-member dolomite. A 
secondary reason was to check for the presence of any other 
carbonate phase which might affect carbon or oxygen stable 
isotope interpretations. Samples were chipped off cores, 
ground with a mortar and pestle, and passed through a 63 µm 
sieve. This process was repeated until the entire sample 
passed through the sieve. Analyses were performed using a 
Phillips x-ray diffractometer with a copper anode. Analysis 
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parameters included a scan range of 20 to 46° (28 angle), a 
step size of 0.02°, and a counting time of 3 seconds. 
Carbon and Oxygen Stable Isotopes 
Carbon and oxygen stable isotope analyses were run on 
30 whole-rock dolostone samples from the "C" laminated 
member. Dolostone samples were chipped off cores, crushed 
with a mortar and pestle, and then passed through a 63 µm 
sieve. This process was repeated until the entire sample 
passed through the sieve. Samples were selected from areas 
of core with low porosity and no visible organic material. 
The samples were analyzed using a Finnigan MAT 251 
triple collector mass spectrometer at the University of 
Michigan Stable Isotope Laboratory, Ann Arbor, Michigan. 
Approximately 20 to 30 µg of sample were loaded into 
individual stainless steel boats, and then roasted under 
vacuum at 380°C for one hour. The samples were then 
transferred into individual borosilicate reaction vessels 
and reacted with three drops of anhydrous phosphoric acid at 
73°C for 12 minutes. The results of the analyses are 
reported in standard delta notation (0) in parts per 
thousand (~) relative to the PDB standard (Craig, 1957). 
Sharma and Clayton (1965) demonstrated that various 
carbonate minerals (most notably dolomite) have 
significantly different fractionation factors for reaction 
17 
with phosphoric acid compared to calcite. If the different 
fractionation of dolomite is not taken into consideration, 
and the fractionation factor of dolomite is assumed to be 
equal to that of calcite, the resulting 6180 values for 
dolomite are too high by approximately 0.8~. Although the 
correction for dolomite-phosphoric acid fractionation 
commonly is not applied (e.g. Banner et al., 1988; Montanez 
and Read, 1992), values for 6180 have been adjusted by -0.8~ 
to compensate for the different fractionation factor for 
dolomite. No correction was applied to oxygen isotope data 
for differences of reaction temperature in phosphoric acid 
(Anderson, 1985). Average reported uncertainties for 613C 
and 6180 were± 0.015~ and± 0.035~, respectively. These 
reported uncertainties are based on analyses of gas. 
Sulfur Stable Isotopes 
Sulfur stable isotope analyses were run on 19 samples 
of anhydrite from 7 cores. Out of these 19 samples, 13 were 
from the "C" anhydrite member, five were from anhydrite-
filled vugs in the "C" burrowed member, and one was from a 
bedded anhydrite in the laminated member. The samples were 
chipped off cores, crushed with a mortar and pestle, and 
then passed through a 63 µm sieve. This process was 
repeated until all the sample passed through the sieve. 
Anhydrite samples were analyzed using a VG Isogas 602D 
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double collector mass spectrometer at Krueger Enterprises 
Geochron Laboratories Division, Cambridge, Massachusetts. 
Approximately 100 µg of sample were reacted in a boiling 
mixture of hydrochloric, hypophosphorous, and hydriodic 
acids to produce H2 S gas. The H2 S was passed through a 
solution of cadmium acetate in order to precipitate CdS. 
The CdS was washed, filtered, dried, and then combusted in 
0 2 gas at 1300°c to produce S02 gas. The S02 was then 
cryogenically purified. Values from the analyses are 
reported in standard delta notation (0) relative to the 
Canyon Diablo troilite (CDT) standard (Jensen and Nakai, 
1962). The reproducibility of 034 S of sulfates as reported 
by Krueger Enterprises is approximately± 0.3~. 
Inductively-Coupled Plasma (ICP) Discharge 
Emission Spectroscopy 
Trace element data were obtained from 10 dolostone 
samples from the "C" laminated member using a Thermo Jarrell 
Ash ICP 61 inductively-coupled plasma discharge emission 
spectrometer. The samples were chipped from cores, crushed 
with a mortar and pestle, and passed though a 63 µm sieve. 
This process was repeated until the entire sample passed 
through the sieve. Approximately 100 µg of sample was 
digested in 50% HN03 prior to the analyses. Operating 
conditions consisted of an input power of 1.25 Kw, and a 
19 
plasma gas flow rate of 20 L/min. The observation height 
above the induction coil was 11 mm. Although simultaneous 
evaluation of 25 elements was performed, data 
utilized in this study are restricted to iron (Fe), 
manganese (Mn), strontium (Sr), and zinc (Zn). Of these 
elements, Fe and Sr are commonly used in trace element 
studies of dolomite, while Mn and Zn are utilized less often 
(Land, 1980, 1982; Tucker and Wright, 1990, p. 301). Sodium 
(Na) is also commonly used in trace element studies of 
dolomite (Land and Hoops, 1973; Sass and Bein, 1988; Shukla, 
1988), but Na data were not available for this study. 
Results are reported in parts per million (ppm). The 
average precision of ICP discharge emission spectrometers is 
on the order of± 0.3-3.0% for simultaneous multielement 
analyses (Barnes, 1986, p. 348). 
Elementary Statistics 
Elementary statistical analyses involving calculations 
of means, variances, and standard deviations were performed 
on thickness data from the "C" anhydrite and the "C" 
laminated members, all isotope data sets, and on trace 
element data for Fe, Mn, Sr, and Zn using the STAT Version 
1.4 software package (Davis, 1986). Additional hypothesis 
tests involving equivalence of means (Student's t tests) 
and equivalence of variance (F tests) were performed 
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on trace element data in order to confirm or refute apparent 
differences and similarities between Fe, Mn, Sr, and Zn data 
sets as observed from graphs (Appendix E). 
Production Statistics 
Cumulative oil production statistics at the field level 
were assembled for all fields in Divide County that produce 
or have produced from the Red River Formation in order to 
assess geographic variation in production from the 
formation. These data were collected from published 
production reports from the North Dakota Geological Survey 
and are cumulative through 1991. These production 
statistics appear in the section of this study labeled 
"Hydrocarbon Exploration". 
STRATIGRAPHY 
Red River Formation and Adjacent Units 
The term "Red River Formation" was first applied by 
Foerste (1929) to the carbonate strata above the shales and 
sandstones of the Winnipeg Group (Middle Ordovician) and 
below the argillaceous dolostones of the Stony Mountain 
Formation (Upper Ordovician). These formations are exposed 
in the vicinity of Lake Winnipeg in southeastern Manitoba, 
Canada. Kline (1942) followed this nomenclature and 
extended the Red River Formation into the subsurface of 
North Dakota. 
Earlier literature contains opposing views regarding 
the age of the Red River Formation, with some workers 
favoring a Middle Ordovician age (Whiteaves, 1897; Dowling, 
1900; Flower, 1952; Fuller, 1961) and others advocating an 
Late Ordovician age (Foerste, 1929; Macauley and Leith, 
1951; Rader, 1952; Twenhofel et al., 1954; Ross, 1957; 
Porter and Fuller, 1959; Ethington and Furnish, 1960; Kent, 
1960). Recent work on the fauna in the Red River Formation 




Figure 3 is a representative geophysical log from the 
#1 - A. Hagen State well, T163N-R98W-sec33, showing contacts 
of the Red River Formation with adjacent units as defined in 
this study. The Red River Formation is approximately 430 to 
550 ft thick in wells that penetrated the entire formation 
in the study area and consists primarily of skeletal 
wackestones and mudstones, which are variably dolomitized, 
and some anhydrite. The Red River Formation is underlain by 
greenish-gray, noncalcareous shales and subordinate 
sandstones of the Icebox Formation (Winnipeg Group) 
throughout the study area with the exception of the 
southeastern part of the county (Carlson and Thompson, 
1987). In the southeastern part of the county, the Red 
River Formation is underlain by light greenish-gray, 
calcareous shales of the Roughlock Formation (Winnipeg 
Group). The contact between the Red River Formation and the 
underlying units is conformable (Porter and Fuller, 1959). 
The Red River Formation is overlain conformably by 
argillaceous-dolomitic carbonates of the Stony Mountain 
Formation. 
"C" Zone 
Economic porosity in the Red River Formation in the 
Williston Basin is generally restricted to no more than the 
upper half of the formation in three apparently cyclic 
23 
Figure 3.- Representative geophysical log for the Red 
River Formation and adjacent units, Divide County, North 
Dakota. K.B. = kelly bushing elevation (feet); G.R. = 
gamma-ray curve; D. = density-porosity curve; N. = neutron-
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successions of carbonate strata generally capped by 
anhydrite (Porter and Fuller, 1959). These three zones have 
been informally labelled (in descending order) the "A", "B", 
and "C" zones of the Red River Formation, and have 
themselves been subdivided into informal units (Kohm and 
Louden, 1978). This informal subdivision is followed in 
this study (Figure 4). In Divide County only the two 
lowermost successions, or the "B" and "C" zones, are capped 
by anhydrite. An examination of completion reports for 
wells in the study area demonstrates that the "C", or 
lowermost of the zones, is by far the most productive of the 
three zones. Therefore, the "C" zone was chosen as the 
focus of investigation. The "C" zone is divided into an 
upper anhydrite member, a medial laminated member, and a 
lower burrowed member (Figure 4). 
Some workers recognize a fourth informal porosity zone 
or "D" zone (Clement, 1985; Derby and Kilpatrick, 1985; 
Longman et al., 1992). Although porosity at the 
stratigraphic interval which has been called "D" porosity 
exists in the eastern part of Divide County, this 
terminology is not followed in this study. Based on core 
examination, the "C" burrowed member is considered to occupy 
that stratigraphic interval, and, therefore, this porosity 
is included as "C" zone porosity. 
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Figure 4.- Informal stratigraphic subdivisions within 
the Red River Formation. This figure shows only the upper 
half of the Red River Formation because economic porosity is 
limited to these beds. This informal subdivision is widely 
used in the Williston basin (modified from Kohm and Louden, 
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DISTRIBUTION OF LITHOLOGIES 
Anhydrite Member 
Core examinations and petrographic analysis of 19 thin 
sections from the anhydrite member indicate that the 
anhydrite member is composed primarily of bedded-massive to 
bedded-mosaic anhydrite, with lesser amounts of distorted-
mosaic anhydrite (Figure 5; Appendix B). The upper half of 
the member is distinctly more evenly-bedded than the lower 
half. Anhydrite textures are usually felted, with lesser 
amounts of aligned-felted or subfelted textures (Figure 6). 
Aligned-felted texture may represent current orientation of 
subaqueously-precipitated gypsum crystals (Schreiber, 1981; 
Hovorka, 1992). Rare dolostone beds occur in the upper two-
thirds of the member and are always aphanocrystalline (less 
than 4 µm) to very fine-grained (4 to 16 µm), and contain 
crystallotopic anhydrite needles (Maiklem et al., 1969) 
generally ranging from 75 to 200 µmin length. These 
needles usually have an apparently random orientation. No 
macrofossils were observed in the anhydrite member, but 
cores which contain the upper, more evenly-bedded sections 
have an appreciable content of organic material, as 
28 
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Figure 5.- Core photographs of lithologies in the 
anhydrite member. (A) Dark, organic-rich, evenly laminated 
to bedded anhydrite characteristic of the upper part of the 
anhydrite member. Tan beds and laminations are 
aphanocrystalline to very fine-grained interbedded dolostone 
(permit #-10096; 10,850 ft; core diameter approximately 7.6 
cm; up is to the left). (B) Distorted-bedded to mosaic 
anhydrite characteristic of the lower part of the anhydrite 
member. As above, dark anhydrite is organic-rich, and tan 
beds are dolostone (permit #-10787; 10,682 ft; core diameter 





Figure 6.- Photomicrographs of textures in the 
anhydrite member. (A) Felted texture characteristic of both 
the upper and lower parts of the anhydrite member with 
interbedded dolostone (permit #-6798; 11,238 ft; crossed 
nicols; field of view= 2.7 mm). (B) Aligned- felted 
texture, which may represent current orientation of 
subaqueously-precipitated gypsum crystals (Schreiber, 1981; 






indicated by their dark color. Figure 7 shows the 
distribution of the anhydrite member in the study area as 
picked from geophysical logs. The relative uniformity of 
its distribution is apparent, despite small local anomalies. 
The anhydrite member has an average thickness of 17.6 ft 
with a standard deviation of± 2.4 ft (lcr). 
Laminated Member 
Core examinations along with petrographic analysis of 
79 thin sections from the laminated member indicate that it 
is composed primarily of variable amounts of 
aphanocrystalline to fine-grained (16 to 62 µm), laminated 
dolostone, and dolomitized, laminated to wavy-laminated, 
burrowed mudstones and subordinate packstones (Figures 8 and 
9). Other minor lithologies include medium-grained (62 to 
250 µm) dolostones, dolomitic mudstones and wackestones, and 
rare, bedded anhydrite (Appendix B). 
The aphanocrystalline to fine-grained dolostones 
commonly contain crystallotopic anhydrite and lenticular 
gypsum pseudomorphs (anhydrite after gypsum) up to 3 mm long 
and averaging approximately 200 to 300 µmin width. 
Many gypsum pseudomorphs contain a nucleus of pyrite. These 
dolostones also commonly contain open and closed vertical 
fractures, stylolites, and local concentrations of insoluble 
residue (kerogen?). 
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Figure 7.- Isopach map of the anhydrite member. Note 
the general uniformity of values throughout the county. 
Average thickness= 17.6 ft with a standard deviation of 
± 2. 0 ft ( 10') . 
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Figure 8.- Core photographs of lithologies in the 
laminated member. (A) Evenly-bedded to laminated, fine-
grained dolostone characteristic of the upper part of the 
laminated member. Laminations are due to variations in the 
organic-matter content of the dolostone. Note vertical 
fractures displaced by laminations (?) and stylolite near 
the top of the core, suggesting an early origin for the 
fractures. Preservation of laminations suggests no activity 
of burrowing organisms (permit #-10769; 10,510 ft; core 
diameter approximately 7.6 cm; up is to the left). (B) 
Wavy-bedded and wavy-laminated dolomitized skeletal mudstone 
characteristic of the lower part of the laminated member. 
The relatively low amount of burrowing suggests elevated 
salinity compared with burrowed member (see "Laminated 
Member"; permit #-10787; 10,707 ft; core diameter 
approximately 7.6 cm; up is to the left). 
37 
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Figure 9.- Photomicrographs of textures in the 
laminated member. (A) Very-fine- to fine-grained dolostone. 
Dark areas are insoluble residue (kerogen?). Note nonplanar 
(irregular-shaped) geometries of individual dolomite 
crystals. This photomicrograph is the plane light 
counterpart for Figure 61A (permit #-7087; 10,676 ft; plane 
light; field of view= 2.4 mm). (B) Aphanocrystalline to 
fine-grained dolostone with well-developed vuggy porosity 
(dark areas). Note the presence of both planar (straight 
boundaries) and nonplanar dolomite crystal geometries 
(permit #-10096; 10,882 ft; crossed nicols; field of view= 




The dolomitized mudstones and subordinate dolomitized 
wackestones of the laminated member are characterized by 
laminations that become progressively more wavy-bedded or 
irregular downward. These irregular laminations appear to 
be gradational between the laminated dolostones above and 
the burrow-mottled carbonates of the burrowed member below 
(Figure 8B). The dolomitized mudstones and subordinate 
dolomitized wackestones of the laminated member contain 
small, horizontal burrows, which increase in abundance 
downward through the member. The irregular laminations also 
contain a demonstrably marine biota in many cores which 
includes bryozoans, crinoids, brachiopods, green algae, and 
trilobites, as well as other less definitive groups such as 
bivalves, ostracodes, and cyanophytes (Appendix D). The 
gradational character of this unit also is demonstrable on 
gamma-ray logs (Appendix B). 
Figure 10 shows the distribution of the "C" laminated 
member in the study area as picked from geophysical logs. 
The average thickness of the laminated member in the study 
area is 27.4 ft with a standard deviation of± 4.0 ft (lcr). 
No obvious pattern is apparent on the isopach map. 
ISOPACHS 
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Burrowed Member 
Core examinations and petrographic analyses of 104 thin 
sections from the burrowed member reveal that it consists 
almost exclusively of variably-dolomitized skeletal 
mudstones and wackestones, with rare packstones (Figures 11 
and 12; Appendix B). These lithologies almost always 
exhibit the characteristic burrow-mottling that has been 
cited by many previous workers (Kent, 1960; Kendall, 1977; 
Kohm and Louden, 1978; Longman et al., 1983, and many 
others), with the exception of kerogen-rich mudstones 
("kerogenites" of Kohm and Louden, 1978; Figure 11). These 
mudstones, which were encountered in every core, commonly 
have wavy laminations and a reduced marine fauna. 
Skeletal grain types in the burrowed member are diverse 
with a large variety of marine invertebrate groups 
represented (Appendix D). Because only 14 out of 121 wells 
in Divide County penetrated the entire thickness of the 
burrowed member as defined in this study, construction of an 
isopach map was not feasible. However, examination of 
geophysical logs that did penetrate the entire thickness of 
the Red River Formation suggests that the burrowed member 
ranges from approximately 280 to 410 ft thick, with values 
increasing downdip into the basin. 
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Figure 11 . - Core photographs of lithologies in the 
burrowed member. (A) Burrow-mottled, dolomitic skeletal 
mudstone. Brown areas are dolomitized, whereas gray areas 
are not. Note local occurrences of vug-filling and grain-
replacing anhydrite (permit #-10311; 10,719.5 ft; core 
diameter approximately 10 cm; up is to the left). (B) 
"Kerogenite" (organic-rich, dolomitic skeletal mudstone) of 
Kohm and Louden (1978). These beds have been interpreted as 
the major source of oil in the "C" zone. Note the decreased 
burrowing in these beds relative to (A) (permit #-10787; 











Figure 12.- Photomicrographs of textures in the 
burrowed member. (A) Skeletal mudstone showing some common 
skeletal grain types: E = echinoderm fragments, G = 
gastropods, 0 = ostracodes, T = trilobite sclerites (?), and 
M = mollusc fragments (permit #-9913; 10,622.5 ft; plane 
light; field of view= 2.4 mm). (B) Dolomitized skeletal 
mudstone. Note large mollusc fragment in left center and 
well-developed planar dolomite (permit #-9913; 10,622.5 ft; 










X-ray diffraction techniques to determine the 
stoichiometry and degree of ordering of dolomite are well 
established and widely applied (Tucker and Wright, 1990, p. 
370). Stoichiometry can be determined by examining the 
position of the lattice deflections of a sample and 
comparing it to those established. for standard 
stoichiometric dolomite. With calcian (Ca-rich) dolomite, 
lattice deflections occur at lower 20 angles compared to 
ordered, stoichiometric dolomite (Goldsmith and Graf, 1958; 
Lumsden and Chimahusky, 1980). The presence of the 021, 
015, and 101 ordering peaks and their relative sharpness and 
intensity can establish the presence and degree of ordering 
in dolomite (Gaines, 1977; Tucker and Wright, 1990, p. 370). 
Table 1 lists five samples of dolostone from the 
laminated member that were analyzed to qualitatively 
determine the stoichiometry and ordering of the dolomite. 
Minor amounts of anhydrite occurred in some of the dolostone 
samples, but no other mineral phases were indicated. The 
locations of cores from which x-ray diffraction data as well 
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TABLE 1: WELL AND DEPTH INFORMATION FOR 
DOLOSTONE SAMPLES ANALYZED BY X-RAY DIFFRACTION 
Permit# Well Name Sample Depth (ft) 
7087 #1 Svangstu 10,685 
10137 #1 Almos 10,859.5 
10156 #1 Wittmayer 11,194.5 
10769 #4 Tangedal 10,502 
10818 #5 Halvorson 10,982 
as all other types of geochemical data were collected are 
shown in Figure 13. The results of the analyses indicate 
that laminated-member dolomites may be considered both 
stoichiometric and ordered since the main 104 peak occurs 
where expected for such dolomite at a 29 position of 
approximately 30.9 degrees (Keller and McCarthy, 1985) and 
the 021, 015, 101 ordering peaks are present and well 
developed (Figure 14). 
Carbon and Oxygen Stable Isotopes 
Carbon and oxygen stable isotope studies are being used 
by an increasing number of carbonate geologists in an 
attempt to gain insight into depositional and diagenetic 
environments of carbonate sediments and rocks. Some early 
studies in this area concentrated on secular trends in 
isotopic composition of marine carbonates (Degens and 
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Figure 14.- Representative ordering peaks for 
dolostones analyzed by x-ray diffraction (target= Cu, 
filter= Ni). The location and magnitude of peaks indicates 
that laminated member dolomites are stoichiometric and well 
ordered. Minor amounts of anhydrite were observed in two 
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Epstein, 1964; Weber, 1967; Fritz and Smith, 1970; Veizer 
and Hoefs, 1976) while others concentrated on isotopic 
characterization of particular diagenetic environments 
(Choquette, 1968; Murata et al., 1969; Allan and Matthews, 
1977; Irwin et al., 1977). Both avenues of research have 
been fruitful, but not free of controversy (Hardie, 1987; 
Rush and Chafetz, 1990). Of particular interest to this 
study are models which consider carbon isotopic variations 
in carbonate rocks (Irwin et al., 1977; Scholle and Arthur, 
1980; Allan and Matthews, 1977, 1982). 
Table 2 lists carbon and oxygen stable isotope data 
obtained from 30 whole-rock dolostone samples. Average 
values of 013C and 0180 are +0.31%., and -6.47%., (PDB) with 
standard deviations of± 0.76%., and± 0.49%o (lcr), 
respectively. The carbon and oxygen isotope data plot 
within or near estimates of the isotopic composition of 
Ordovician seawater as determined from calcite samples 
(Figure 15; Ross et al., 1975; Lohmann, 1988) and whole-rock 
limestone samples (Rao, 1991). Carbon and oxygen stable 
isotope data were plotted against depth below the base of 
the "C" anhydrite member to examine for vertical stable 
isotope trends through the "C" laminated member (Figures 16 
and 17). These data were also plotted in two cross 
sections. The location of the wells and lines of section 
are indicated in Figure 18. Line of section A - A' is 
roughly east-west (Figures 19 and 20), and line of section 
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TABLE 2: CARBON AND OXYGEN STABLE ISOTOPE 













































































































































• Corrected for dolomite/phosphoric acid fractionation 
(Sharma and Clayton, 1965) by subtracting 0.8 ~ from 
0180 data. 
• Possibly anomalous 0180 ( Figures 1 7, 2 O, and 22) . 
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Figure 15.- Carbon versus oxygen stable isotope plot 
for laminated-member dolostones. The oxygen data (squares) 
are corrected by -0.8~ (Sharma and Clayton, 1965). The box 
in the graph encompasses published estimates of the carbon 
and oxygen stable isotopic composition of Ordovician 
seawater based on analysis of marine calcite samples (Ross 
et al., 1975; Lohmann, 1988) and whole-rock, marine 
limestone samples (Rao, 1991). All data from laminated-
member dolostones plot within or near the box, suggesting 
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Figure 16.- Plot of 013C versus depth for the 
laminated member (N = 30). Data points (boxes) with "2" 
indicate two 013C values which overlap. The data show a 
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Figure 17.- Plot of 0180 versus depth for the 
laminated member (N = 30). The data appear to define a 
trend of heavier, lighter, then heavier 0180 with depth 
through the laminated member if four data points (circled) 
are considered anomalous (Table 2). 
Distance Below Base of C-anhydrite (feet) 
N N 






@ • O') I 
a; -..J 0) • -0 • • I - en ~ . 0 (J1 • 0 - • • .,, I 
0 m 






Figure 18.- Location map for carbon and oxygen stable 
isotope cross sections. A - A' is roughly a dip section, 
and B - B' is roughly a strike section. 
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Figure 19.- Plot of 013C versus depth for the 
laminated member along line of section A - A' {Figure 18). 
Depths shown are feet below base of "C" anhydrite. Note the 
pronounced trend of lighter 013C with depth from 
approximately +1 to -1~. 
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Figure 20. - Plot of 0180 versus depth for the 
laminated member along line of section A - A' (Figure 18). 
Depths shown are feet below base of "C" anhydrite. If the 
circled points are considered anomalous, the data conform to 
the trend shown within reasonable error estimates for 0180 
(± 0.2 to 0.4%-o). 
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B - B' is roughly north-south (Figures 21 and 22). Carbon 
and oxygen data are shown separately to enhance the clarity 
of the trends. 
The similarity of 613C at similar stratigraphic 
positions within the "C" laminated member in both lines of 
section is striking. A clear trend in all wells with 
lighter 613C with depth is apparent (Figures 16, 19 and 21). 
With the exception of four data points (Table 2), a 
trend in 6180 appears to exist with 6180 alternately becoming 
heavier, lighter, then heavier with depth (Figures 17, 20, 
and 22). However, this apparent trend in 6180 is only 
plausible if error estimates are on the order of± 0.2 to 
0.4~, compared to the average reported uncertainty of± 
0.035~ (see "Methods - Carbon and Oxygen Stable Isotopes"). 
Even with adjusted error estimates, a significant number of 
0180 data points are at the high end of the uncertainty 
range (approximately± 0.3 to 0.4~). 
Sulfur Stable Isotopes 
The present-day ratio of sulfur stable isotopes, 
34S/ 32 S, is constant within narrow limits throughout the 
world ocean (0 34 S = +20~ CDT; Thode and Monster, 1965; 
Sasaki, 1972). Ancient sulfate deposits formed as marine 
evaporites that have not been subject to biological 
alteration or diagenetic replacement should be excellent 
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Figure 21. - Plot of 613C versus depth for the 
laminated member along line of section B - B' (Figure 18). 
Depths shown are feet below base of "C" anhydrite. The same 
trend occurs as observed in A - A' (Figure 19). This trend 
is interpreted to represent increased storage of light 12C 
in sediments as the Williston basin became more restricted 
during deposition of the "C" zone. Density stratification 
developed leading to anaerobic conditions conducive to the 
accumulation of organic carbon, thereby removing 12C from 
basinal waters involved in dolomitization of "C" zone 
sediments. The organic-rich nature of the "C" anhydrite is 
consistent with this interpretation. 
-.... 8 # 11114 #10818 #10137 
B' 
#7087 


















C - I O I -I 0 -I 0 
8 13C ( 0/oo, PDB) 




Figure 22.- Plot of 0180 versus depth for the 
laminated member along line of section B - B' (Figure 18). 
Depths shown are feet below base of "C" anhydrite. If the 
circled points are considered anomalous, the data conform to 
the trend shown within reasonable error estimates for 0180 
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recorders of 634 S of ancient world oceans (Claypool et al., 
1980). Significant variations in 634 S with age have been 
documented by analyses of large numbers of sulfate samples 
of marine evaporites from different geologic periods (Figure 
23; Thode and Monster, 1965; Hosler and Kaplan, 1966; 
Claypool et al., 1980). Therefore, 634 S can be used to 
constrain the age of marine evaporite deposits and/or to 
evaluate diagenetic alteration of these deposits. 
Table 3 shows the results of sulfur isotopic analyses 
of 19 anhydrite samples from the "C" zone. These data have 
also been plotted on Figure 23. Thirteen of these samples 
are bedded anhydrites from the anhydrite member, five 
samples are vug-filling anhydrites from the burrowed member, 
and one sample is from a thin bedded anhydrite near the top 
of the laminated member. The average of 634 S values for the 
bedded anhydrites is +22.7~ with a standard deviation of± 
3.0~ (la), and the average for the vug-filling anhydrites is 
+27.8~ with a standard deviation of± 6.4~ (la). The means 
of the bedded and vug-filling anhydrite data populations 
were tested for equality with the Student's t test (Appendix 
E; Davis, 1986). The two anhydrite population means are 
statistically different with a confidence level of 80%. 
Therefore, the conclusion that the means of the bedded and 
vug-filling anhydrites are different is valid. 
Figures 24 and 25 show 634 S versus depth for seven 
bedded anhydrite samples for wells #6798 and #10617 
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Figure 23.- Plot of 634 S of marine sulfates versus 
age. The shaded area represents the uncertainty on either 
side of the curve (modified from Claypool et al., 1980). 
Solid areas and dashed lines are data groups of Claypool et 
al. (1980). Sulfur stable isotope data from this study are 
plotted as well (+ = bedded anhydrites; x = vug-filling 
anhydrites). Bedded-anhydrite data are outlined with a 
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TABLE 3: SULFUR STABLE ISOTOPE COMPOSITIONS (~, CDT) 











































































• Vug-filling anhydrite. All other samples are 
bedded anhydrites. 
(Figure 13). The samples are spaced at approximately 2 ft 
intervals. If deposition of the anhydrite member commenced 
at approximately the same time throughout the study area, 
the base of the anhydrite member should be approximately the 
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Figure 24.- Plot of 634 S versus depth for bedded 
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Figure 25.- Plot of 034 S versus depth for bedded 
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same age at both well locations. However, 634 S is 
substantially different at similar positions within the 
anhydrite member (Figures 24 and 25). This suggests that 
the anhydrite member is not the same age at both locations, 
or that 634 S was affected to varying degrees by biological 
sulfate reduction during deposition (Claypool et al., 1980). 
Because evaporite deposition is rapid (Sonnenfeld, 1984; p. 
98), the latter explanation is more likely, particularly 
when the comparatively slow rate of secular variation of 
634 S is considered. However, the data are limited, and 
further study is necessary to more completely ascertain the 
cause of 634 S variation in the anhydrite member. 
Trace Elements 
Variations in trace element geochemistry, specifically 
Fe, Mn, Sr, and Na, have been used primarily in a diagenetic 
context in studies of carbonate rocks (Veizer, 1983). Many 
early studies that utilized trace element distributions in 
carbonate rocks involved variations due to mineralogical 
stabilization of aragonite or Mg-calcite (Land, 1967; Gavish 
and Friedman, 1969; Benson and Matthews, 1971). More recent 
studies have focused effort on better defining partition 
coefficients (Pingitore, 1978; Land, 1980; Plummer and 
Busenberg, 1987) or explaining variations in terms of the 
relatively open or closed nature of the diagenetic 
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environment (Jorgenson, 1981; Banner et al., 1988). In the 
case of dolomite, efforts have concentrated on 
characterization of the trace element composition 
corresponding to various textures (Shukla, 1988; Amthor and 
Friedman, 1992) . 
Table 4 lists results of ICP analyses for the 
determination of trace element concentrations of dolostone 
samples from the laminated member, and Figures 26 and 27 are 
plots of Fe versus Mn and Sr versus Zn, respectively. Mean 
values and standard deviations of elements for each well are 
listed in Table 4. Student's t tests for the equivalence of 
means of the various trace elements between the two wells 
(Appendix E) indicate that the wells may be separated into 
two distinct populations on the basis of Fe, Mn, and Sr 
concentrations at a 95% confidence level, while they cannot 
be separated on the basis of Zn concentrations. 
Fe, Mn, and Zn concentrations of marine dolomite should 
be low based on approximate equilibrium concentrations of 
these trace elements (3-50 ppm for Fe, 1 ppm for Mn, and 10-
39 ppm for Zn; Veizer, 1983). Fe and Mn concentrations in 
"C" laminated-member dolostones are considerably higher than 
expected for marine dolomite, averaging 1,131 and 71 ppm, 
respectively, while Zn concentrations are slightly lower 
than expected with an average value of 7.3 ppm (Table 4). 
The approximate equilibrium concentration of Sr in marine 
dolomite ranges from 470 to 550 ppm, and Holocene marine 
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TABLE 4: TRACE ELEMENT CONCENTRATIONS (PPM) OF 
"C" LAMINATED-MEMBER DOLOSTONES 
Permit # Well Name Core Depth (ft) __EL J1rL 2£.._ JD_ 
7087 #1 Svangstu 10,665 700 61 43 8.3 
10,670 530 54 40 4.9 
10,675 460 57 34 6.5 
10,680 600 41 32 9.2 
10,685 720 44 40 11. 0 
mean 602 51 38 8.0 
± standard deviation ( lcr) 111 9 5 2.4 
10818 #5 Halvorson 10,962 1,600 93 80 3.9 
10,967 2,000 89 68 3.7 
10,972 1,900 91 48 5.5 
10,977 1,700 92 38 3.2 
10,982 1,100 83 63 17.0 
mean 1,660 90 59 6.7 
± standard deviation ( lcr) 351 4 17 5.8 
dolomites generally have Sr concentrations within this range 
(Veizer, 1983; Mazzullo, 1992) . "C" laminated-member 
dolostones clearly have depleted Sr concentrations (average 
= 49 ppm; Table 4) relative to Holocene marine dolomite. 
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Figure 26.- Plot of iron (Fe) versus manganese (Mn) 
concentrations in parts per million (ppm). Squares are data 
from well #7087 in eastern Divide County and triangles are 
data from well #10818 in western Divide County. The trace 
element data are separable into two distinct populations 
with elevated Fe and Mn concentrations in the west compared 
to lower Fe and Mn concentrations in the east (Appendix E; 
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Figure 27.- Plot of strontium (Sr) versus zinc (Zn) 
concentrations in parts per million (ppm). Squares are data 
from well #7087 and triangles are data from well #10818 to 
the west (the same wells for which Fe and Mn data are 
plotted in Figure 24; see Figure 13 for location of the 
wells). Sr levels are for the most part higher in the west 
than in the east and the data sets are statistically 
different from one another. However, no statistically 
significant difference exists between Zn concentrations in 
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INTERPRETATION OF DEPOSITIONAL ENVIRONMENTS 
Introduction 
Interpretations regarding depositional environments 
represented by "C" zone lithologies can be separated into 
two main schools of thought. Some interpret the observed 
lithologic sequence of burrow-mottled limestone overlain by 
laminated dolostone and "nodular" anhydrite to represent a 
classic shallowing-upward (regressive) sequence of normal-
marine, subtidal carbonate sedimentation which progressed 
upward to intertidal and supratidal sedimentation (Asquith 
et al., 1978; Carroll, 1978; Wallace, 1979; Wittstrom and 
Chimney, 1980; Clement, 1985; Ruzyla and Friedman, 1985). 
Others have interpreted the same lithologic succession to 
represent entirely subtidal deposition with normal marine 
deposition giving way to increasingly restricted conditions 
which resulted in the deposition of the "C" anhydrite in a 
regionally extensive saltern (Kent, 1960; Kendall, 1976; 
Kohm and Louden, 1978; Longman et al., 1983). 
One reason for these opposing interpretations of 
depositional environments may be the locations of respective 
study areas. Many of the studies which proposed the 
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regressive depositional model were conducted on structural 
highs in the basin, such as the Cedar Creek Anticline 
(Clement, 1985), or around the periphery of the basin where 
Red River Formation outcrops are exposed, such as southern 
Manitoba (Wallace, 1979). However, many of the studies 
which favor a completely subtidal origin for "C" zone 
sediments were conducted in more centrally-located portions 
of the basin, such as northeastern Montana (Longman et al, 
1983) and southern Saskatchewan (Kendall, 1976). These 
observations are consistent with regional facies 
distributions that are expected in a large, subcircular 
basin where deeper environments are expected in more central 
portions of the basin, and shallower environments are 
expected to be on topographically high areas of the basin 
interior and around the periphery of the basin. The 
interpretation of a completely subtidal origin for "C" zone 
sediments in Divide County is consistent with the location 
of the study area in the north-central (basinal) portion of 
the Williston basin. 
Anhydrite member 
The anhydrite member is interpreted as a primary, 
marine, subaqueous evaporite. Warren (1991) differentiated 
subaqueous and sabkha evaporites on the basis of ,, 
characteristics that are commonly displayed in sulfate-
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dominated evaporite sediments from these environments. 
Major differences exist between these two types of evaporite 
deposits. As summarized in Table 5, subaqueous evaporites 
tend to be relatively pure (defined as being composed of 70% 
or more evaporite minerals), are thicker (usually between 1-
20 m), are laminated or bedded with bottom-nucleated crystal 
textures, and have circular facies distributions, whereas 
sabkha evaporites are not as pure (usually< 60% evaporite 
minerals), are generally thin (< 1 m), have displacive or 
enterolithic textures, and elongate, shore-parallel facies 
distributions (Warren, 1991). 
Lithologic and geometric relations observed in the 
"C" anhydrite are more compatible with subaqueous 
deposition than they are with deposition in a sabkha 
environment. The most compelling evidence is the generally 
laminated to bedded nature of the anhydrite member; 
laminated or bedded evaporites are unknown from Holocene 
sabkhas (Kinsman, 1969; Perthuisot, 1980; Warren, 1991). In 
addition, aligned- felted textures (Figure 6B) may represent 
current-generated bedforms, which are also indicative of 
subaqueously deposited evaporites (Warren, 1991). 
Occasionally, sections of the lower half of the 
anhydrite member are distorted to a degree approaching 
enterolithic structure, but commonly the originally bedded 
nature of even these rocks is evident. The upper half of 
the anhydrite member is organic-rich (Figure 5), a condition 
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TABLE 5: COMPARISON OF 
SUBAQUEOUS AND SABKHA EVAPORITE FACIES* 
SUBAQUEOUS 
Evaporite units are subaqueous, relatively pure, often> 70% 
sulfate 
Each evaporite (subaqueous) depositional unit is thick, 
usually between 1-20 m; can be lOO's of meters 
Laminated or bedded, often with bottom-nucleated textures. 
Laminae or beds can be laterally continuous but do not 
extend across the whole basin 
Facies often symmetric or asymmetric bull's-eye patterns 
SABKHA 
Evaporite units are supratidal, matrix-dominated, usually 
< 60% sulfate 
Each evaporite (supratidal) depositional unit is thin, 
typically< 1-2 m; limited to approximately 2 m by thickness 
of capillary pressure zone 
Displacive and replacive nodular and enterolithic textures 
Facies units tend to be laterally extensive, parallel to 
shoreline; deposited as "peritidal" trilogy (subtidal, 
intertidal, supratidal) 
Modified from Warren (1991). 
which would not likely occur in supratidal environments 
because of extensive oxidation of organic matter 
(Kinsman, 1969; Shinn, 1983; Warren, 1991). The presence of 
organics in the anhydrite member suggests that the 
environment of deposition was anaerobic, a condition that 
would be expected in a restricted basin with water depths on 
the order of tens to hundreds to even thousands of feet. 
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The purity of the anhydrite member, which is usually 90% or 
more anhydrite, also suggests subaqueous deposition. Figure 
7 shows that the anhydrite member ranges from 10 to 21 ft in 
thickness. These thicknesses are from several times to an 
order of magnitude greater than typical thicknesses of 
ancient sabkha evaporites (Table 5). Circular facies 
distributions are also suggestive of subaqueous evaporite 
precipitation because they reflect the depositional control 
of basin geometry on facies distribution. Kohm and Louden 
(1978) showed that the "C" anhydrite has a circular facies 
distribution throughout the Williston basin. 
Besides these lithologic and geometric observations, 
034 5 values from bedded anhydrites in the Red River 
Formation (Table 3) provide additional evidence for a marine 
origin for the anhydrite member. These values range from 
+16.7 to +25.9 ~ CDT and are somewhat more depleted in 034 5 
than expected for the Upper Ordovician according to the 
sulfur isotope age curve of Claypool et al. (1980; Figure 
23). Nevertheless, they are compatible with precipitation 
from Ordovician seawater, especially given the limited 
amount of sulfur stable isotope data for the Ordovician 
(Claypool et al., 1980). All of the above observations 
support the interpretation that the "C" anhydrite member is 
a primary, marine, subaqueous evaporite, deposited in a 
restricted, although productive evaporite basin. 
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The anhydrite member is interpreted to have originally 
precipitated as gypsum, which is the form of CaS04 that 
precipitates from concentrated brines in both modern natural 
settings and in laboratory experiments, even under 
conditions that should theoretically precipitate anhydrite 
(Sonnenfeld, 1984, p. 175; Logan, 1987). Evidence for this 
interpretation includes the presence of gypsum pseudomorphs 
(Hovorka, 1992). In addition, recent primary anhydrite is 
rare in natural environments and is generally restricted to 
continental or supratidal, marginal-marine settings 
(Sonnenfeld, 1984, p. 175). 
Laminated Member 
Several previous workers have interpreted the "C" 
laminated member as an intertidal or lower supratidal 
deposit (Dow, 1971; Asquith et al., 1978; Carroll, 1978; 
Clement, 1985; Derby and Kilpatrick, 1985; Ruzyla and 
Friedman, 1985). However, certain sedimentary structures 
and fabrics commonly used as evidence of intertidal and/or 
supratidal deposition are absent in the laminated member in 
the study area. As illustrated by Shinn (1983) and Warren 
(1991), structures expected in intertidal or lower 
supratidal deposits include mudcracks, fenestrae or 
fenestral structures, deflation surfaces, dissolution 
breccias, and tidal-channel deposits. The absence of these 
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features in the study area does not prove that the laminated 
member was deposited subtidally, but it raises serious 
questions regarding the interpretation of these sediments as 
intertidal and/or supratidal deposits. The very rare 
presence of low-angle cross-stratification or intraclasts is 
interpreted to represent submarine erosion from bottom 
currents (Kohm and Louden, 1978), probably during storm 
events. This scouring is well developed in the burrowed 
member in outcrops in southern Manitoba, which is clearly a 
subtidal deposit. 
The laminated member is interpreted as representing a 
transition between normal subtidal carbonate sedimentation 
and deposition in an increasingly restricted subtidal 
environment in an evaporite basin. The biota in the lower 
sections of the laminated member are representative of an 
open ·marine environment. Organisms such as trilobites, 
echinoderms, and brachiopods that occur in the lower section 
of the member were stenohaline organisms (Boardman et al., 
1987, p. 62). The fauna in the upper sections of the 
laminated member are limited to ostracodes and rare 
molluscs, which are not diagnostic of a certain environment. 
Ostracodes, particularly thick-shelled genera, have been 
used by some as indicators of restricted environments (Derby 
and Kilpatrick, 1985), but such interpretations are suspect 
as ostracodes occur in a wide range of marine and non-marine 
environments (Boardman et al., 1987, p. 252). Ostracodes 
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are abundant in both the laminated and burrowed members in 
the study area. Their presence in the burrowed member (see 
"Burrowed Member") suggests they were at least in part 
normal marine, which may indicate that the ostracodes in the 
laminated member were also marine. 
The lower contact of the laminated member is difficult 
to pick due to the extremely gradational nature of the 
transition. Distinctly laminated to bedded dolostones pass 
down through increasingly-burrowed, dolomitized skeletal 
mudstones and wackestones into the characteristic burrow-
mottled texture of the burrowed member. This transition was 
observed in every core examined in the study area (Appendix 
B). The upward decrease in burrowing can be attributed to 
the development of increasingly concentrated, progressively 
less-oxygenated bottom waters which would eventually kill 
off the benthos and allow the accumulation of laminated 
sediments {Valentine, 1973, p. 130). Such an occurrence has 
previously been recognized in the Permian Zechstein 
cyclothems of Great Britain {Smith, 1980). The development 
of increasingly-concentrated basin water is interpreted to 
mark a reversal in the circulation pattern in the Williston 
basin from estuarine to antiestuarine {Sonnenfeld, 1984, p. 
37) during which deposition of the laminated member gave way 
to deposition of the anhydrite member. Estuarine 
circulation is typical of non-restricted bays in that 
surface waters flow out to sea while bottom waters flow from 
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the sea into the bay, thereby replenishing the bay with 
normal-marine seawater. If physical restriction of the bay 
develops through reef growth, eustatic sea-level change, or 
tectonic activity, and if the climate becomes favorable for 
net evaporation to exceed net precipitation and runoff (arid 
or semiarid), the normal or estuarine flow is gradually 
reversed and becomes antiestuarine flow, which is 
characterized by surface water inflow and a less efficient 
bottom water outflow. If this process continues long 
enough, the basin becomes increasingly concentrated and 
precipitation of evaporite minerals will eventually occur 
(Sonnenfeld, 1984, p. 35). 
Carbon stable isotopic data provide additional support 
for this interpretation. Plots of 013C versus depth of 
samples from six cores through the laminated member display 
remarkably similar trends with 013C becoming heavier by 
approximately 2~ from the base to the top of the laminated 
member, a distance of approximately 27 ft (Figures 19 and 
21). This enrichment of 013C upward is interpreted to 
represent the progressive restriction of the basin resulting 
in decreased oxidation of organically produced 12C 
(Schidlowski et al., 1976; Scholle and Arthur, 1980). This 
would increase the amount of 12C-enriched organic carbon in 
storage in the sediments, which would raise 013 C of basin 
waters if the overall amount of carbon remained constant 
(Faure, 1986, p. 492). The high amount of organic material 
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in the anhydrite member supports the hypothesis of increased 
storage of organic carbon. The presence of pyrite 
throughout the "C" zone indicates that environments were at 
least partially reducing at various times, which also 
suggests a subaqueous setting. In addition, the fact that 
iP3C and to a lesser extent 0180 display similar trends in 
all six wells suggests that the entire area may represent a 
single depositional environment characterized by minor 
lateral variability in carbon and oxygen stable isotope 
compositions (013C varies from -1.06%-o to +1.22%-o and 0180 
varies from -7.76%-o to -5.77%-o; Table 2). A subtidal setting 
is likely more representative of such an environment than 
intertidal or supratidal settings, which are sporadically 
exposed to meteoric, normal-marine, and hypersaline waters, 
all of which could result in highly variable carbon and 
oxygen stable isotope compositions (Allan and Matthews, 
1977, 1982; Tucker and Wright, 1990, p. 100). In light of 
all above considerations, the laminated member is 
interpreted to represent an entirely subtidal sequence from 
open marine near its base to an increasingly restricted 
subtidal environment near its top. 
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Burrowed Member 
As in all previous studies of the "C" zone including 
the detailed works of Kendall (1976), Kohm and Louden 
(1978), and Longman et al. (1983), the "C" burrowed member 
is interpreted to represent carbonate sedimentation in an 
open-marine environment with normal salinities. An abundant 
normal-marine biota as well as extensive bioturbation are 
evidence of these conditions. The kerogenites of the 
burrowed member (Figure llB) are a probable exception and 
may represent conditions of increased salinity and/or 
decreased circulation or oxygenation (Kendall, 1976). These 
beds are the likely source of oil for the "C" zone (Kendall, 
1976; Kohm and Louden, 1978; Longman et al., 1983). 
DIAGENESIS 
Introduction 
The degree and length of exposure of carbonate 
sediments to various diagenetic environments has long been 
recognized as being an important controlling factor in the 
preservation or destruction of high initial porosities 
commonly found in carbonate sediments (Choquette and Pray, 
1970). One approach to consolidating the vast array of 
possible diagenetic environments, developed by Choquette and 
Pray (1970), involves the recognition of three main 
diagenetic zones or environments. These diagenetic 
environments can be thought of as major zones that are 
characterized by certain diagenetic processes. Most 
sediments pass through each of these zones at various times 
in their burial history. The first of these is the 
eogenetic zone, which encompasses early or near-surface 
processes and environments. A second intermediate, or 
mesogenetic zone, represents moderate to deep burial 
diagenetic environments in which carbonates generally spend 
long spans of time. A third zone, called the telogenetic 
zone, refers to late alteration of exhumed subsurface 
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terranes, which are once again subject to diagenetic 
processes more closely related to near-surface processes. 
Longman (1980) expanded on the threefold diagenetic 
zone concept of Choquette and Pray (1970) by concentrating 
on the importance of the eogenetic zone, which is 
encountered to varying degrees by all carbonate sediments. 
Longman (1980) stressed that the eogenetic zone can be 
divided into four main subenvironments. These 
subenvironments are known as the marine phreatic, mixing 
zone, freshwater phreatic, and freshwater vadose zones. 
Freshwater diagenetic zones cannot exist without adjacent 
land areas to collect precipitation. The accumulated fresh 
waters build in volume and form a lens below subaerially-
exposed areas (Longman, 1980). Continuous saturation by 
freshwater characterizes the phreatic zone, while both gases 
and water exist in pores in the vadose zone. The marine 
phreatic zone encompasses areas continuously bathed by 
marine pore waters. The mixing zone is a boundary zone 
between the marine phreatic and the freshwater phreatic 
zones in which chemical concentrations and physical 
parameters (i.e., water density and ionic concentrations) 
are highly variable. 
Due to the relatively shallow-water mode of deposition 
characteristic of many carbonate deposits, many carbonate 
petrologists contend that most carbonate sediments are 
eventually exposed to fresh waters at one time or another in 
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their history (Moore, 1989, p. 34). Recently, Mazzullo and 
Harris (1992) have suggested that mesogenetic dissolution is 
a common, if not pervasive process that produces voids that 
are difficult to distinguish from voids derived from 
eogenetic dissolution in carbonate rocks. Based on the 
interpretation of diagenetic environments for the "C" zone 
in the study area, the "C" zone in Divide County apparently 
represents the group of less common, shallow-marine 
carbonates which have never undergone diagenesis in meteoric 
waters. This interpretation is supported by the work of 
Allan and Matthews (1977, 1982) who showed that carbonate 
rocks on Barbados altered by meteoric diagenesis have highly 
variable 013C from approximately -1 to -11~ (PDB). 
Laminated-member dolostones have a narrow range of o13C 
(+1.22 to -1.06~; Table 2), suggesting that laminated-member 
dolostones have not been altered by meteoric waters. 
The Red River Formation in the study area is presently 
within the influence of the mesogenetic zone. Observations 
of the various diagenetic features discussed below are 
ultimately interpreted in terms of a diagenetic environment 
for the particular feature, and interpretations regarding 
the relative timing of diagenetic features are incorporated 
into a paragenetic sequence. The interpretation of 
diagenetic environments proposed for the "C" zone indicates 
that the freshwater vadose, freshwater phreatic, and mixing 
zone subdivisions are of little or no importance in the 
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study area. The diagenetic environments that have affected 
the "C" zone are limited to the marine phreatic environment 
in the eogenetic zone and the mesogenetic zone. 
Porosity Types 
Introduction 
Although Recent subaqueous gypsum deposits commonly 
have initial porosities of 10 to 50%, they compact and 
deform rapidly upon shallow burial (Riley and Byrne, 1961; 
Sonnenfeld, 1984, p. 293; Warren, 1991). A further 
reduction in porosity occurs as gypsum dewaters during its 
transformation to anhydrite. Therefore, evaporite deposits 
in the subsurface usually have very low or no porosity 
(Sonnenfeld, 1984, p. 293), which is the case with the 
anhydrite member in the study area. In addition, porosity 
is very low in the interbedded dolostones within the 
anhydrite member. A maximum of< 1% moldic porosity was 
observed in one sample (permit #-10096, 10,849 ft; Appendix 
B). As a consequence, the following discussion of porosity 
types will refer to the laminated and burrowed members only. 
Estimation of porosity in thin sections can be 
complicated by the presence of insoluble residue (kerogen?) 
within pores. Some thin sections appear to have little or 
no porosity, but substantial porosity is indicated on 
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geophysical logs. This suggests that the kerogen (?) 
observed in pores is fluid at the temperatures present 
(approximately 90 to 115°c as reported on geophysical logs) 
in the "C" zone in the study area. The following porosity 
types are discussed in order from most common to least 
common. 
Intercrystalline Porosity 
Intercrystalline porosity is the most common type of 
porosity found in the "C" zone. Intercrystalline pores were 
observed in 78% of the thin sections from the burrowed 
member and in 63% of thin sections from the laminated 
member. Visual estimates of intercrystalline porosity in 
thin sections ranged up to approximately 25%, but were more 
commonly on the order of 5 to 15%. In the "C" zone this 
type of porosity is best developed in very fine- to medium-
grained planar dolomite, which is common throughout the 
laminated member and also in dolomitized mudstones and 
wackestones of the burrowed member. Intercrystalline 
porosity forms some of the more productive reservoirs in the 
study area, and in thin sections with a high percentage of 
intercrystalline porosity the pores are commonly filled with 
insoluble residue (Figure 28). 
Dolostones generally resist compaction better than 
limestones due to the greater ductility of limestone versus 
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Figure 28.- Photomicrograph of intercrystalline 
porosity. Intercrystalline pores are mostly filled with 
opaque insoluble residue (kerogen?) in this fine-grained 
planar-euhedral to planar-subhedral dolomite. This 
photomicrograph is typical of productive horizons in the 
laminated member (permit #-10787; 10,700 ft; plane light; 
field of view= 1.1 mm). 
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dolostone (Handin and Hager, 1957). In addition, grain-
supported textures resist compaction better than mud-
supported textures (Lucia, 1992). Because •c" zone 
dolostones are dominantly grain-supported and limestones are 
overwhelmingly mud-supported, differential compaction of 
dolostone and limestone is believed to be important for 
porosity preservation in dolostones of the "C" zone. 
Intercrystalline porosity is interpreted to represent 
porosity that is preserved through the process of 
penecontemporaneous, reflux dolomitization by seawater 
(Saller, 1984) or seawater-derived brines (Adams and Rhodes, 
1960) due to the generation of dense brines during evaporite 
precipitation. Dolomitization by downward-moving seawater 
or seawater-derived brines formed intercrystalline porosity 
which was preferentially preserved as the surrounding 
limestones suffered greater mechanical and chemical 
compaction (Handin and Hager, 1957; Lucia, 1992). 
Vuggy Porosity 
Vuggy porosity is the second most commonly observed 
porosity type in the "C" zone and is a significant 
contributor to total porosity. Initial observations suggest 
that vuggy porosity is fabric selective in the burrowed 
member where it appears to occur preferentially in the 
undolomitized or less-dolomitized portions of burrow mottles 
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(Figure 29). However, vuggy porosity also occurs in the 
dolomitized portions of the mottles, although the vugs are 
considerably smaller in these areas (Figure 30). Vuggy 
porosity was observed in 58% of thin sections from the 
burrowed member and in 37% of thin sections from the 
laminated member. Visual estimates of vuggy porosity ranged 
up to approximately 20%, but were commonly 5 to 10%. 
Locally, vuggy porosity is volumetrically the dominant 
porosity type, particularly in the dolomitized mudstones and 
wackestones of the burrowed member. Vuggy porosity up to 
8 cm in diameter was observed in some cores through the 
burrowed member (Figure 29B). Vugs are smaller in the 
laminated member than in the burrowed member, although vugs 
2 cm in diameter occur in the lower half of the laminated 
member. 
Vuggy porosity in the "C" zone is interpreted to 
represent mesogenetic secondary porosity formed from the 
preferential dissolution of calcite-dominated mudstones and 
wackestone as a result of CO2 generated from the maturation 
of organic matter (Moore, 1989, p. 267). Dolomite may also 
have been dissolved, but to a lesser degree. CO2 -charged 
subsurface fluids can become undersaturated with respect to 
carbonate phases, particularly calcite, and therefore are 
capable of significant dissolution (Schmidt and McDonald, 
1979; Franks and Forester, 1984; Morse and Mackenzie, 1990, 
p. 393). This type of secondary porosity formation was 
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Figure 29.- Core photographs of vuggy porosity. 
(A) Preferential development of vugs in less-dolomitized or 
non-dolomitized skeletal mudstone/wackestone (gray areas) in 
the burrowed member. Although macroscopically vuggy 
porosity is only observed in less-dolomitized areas, 
microscopically, vuggy porosity is also observed in tan, 
dolomitized burrow mottles (see Figure 28; permit #-10565; 
10,538 ft; core diameter approximately 10 cm; up is to the 
left). (B) Well-developed, large (up to 8 cm in length) 
vugs in skeletal mudstone from the burrowed member. Vugs 
are lined with hydrocarbons (permit #-11381; 11,067 ft; core 




Figure 30.- Photomicrographs of vuggy porosity. 
(A) Small vugs in planar-subhedral dolomite from the 
burrowed member (permit #-10137; 10,905 ft; plane light; 
field of view= 1.1 mm). (B) Vuggy porosity filled with 
medium-grained saddle dolomite in dolomitic skeletal 
mudstone from the burrowed member. Red-stained area 
(alizarin red S) is calcite, and non-stained areas are 
dolomite. Note sweeping extinction on dolomite crystals and 
partial replacement of saddle dolomite by anhydrite near the 
center of the photomicrograph (permit #-11381; 11,045 ft; 




postulated for the Jurassic Smackover Formation in the Gulf 
Coast region of the United States (Druckman and Moore, 
1985). Although this type of porosity in carbonates has not 
been widely recognized, Tucker and Wright (1990) suggested 
that it may be more widespread than generally thought. The 
predominance of open, vuggy porosity and abundant 
hydrocarbons suggest that this mechanism of secondary 
porosity development was important in the study area. In 
addition, the interpreted depositional and diagenetic 
environments for the "C" zone would not be conducive to the 
introduction of meteoric waters. Lithologic features 
associated with subaerial exposure such as intraclasts, 
paleosols, black pebbles, and evaporite dissolution breccias 
are not present in the study area. 
Moldic Porosity 
Moldic porosity occurs throughout the study area in 
both the laminated and burrowed members, and was observed in 
29% of thin sections from both members (Figure 31). Visual 
estimates of moldic porosity in the "C" zone are generally 
low, mostly< 2 to 3%. Molds are almost exclusively 
associated with the dissolution of ostracodes, which are 
common to abundant in both the laminated and burrowed 
members. Other moldic porosity is attributed to dissolution 
of probable bivalves and green algae molds. 
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Figure 31.- Photomicrographs of moldic porosity. 
(A) Black area is moldic porosity from dissolution of an 
ostracode in dolomitized mudstone from the burrowed member 
(permit #-10624; 10,583 ft; crossed nicols; field of view= 
1.1 mm). (B) Mold (white) from dissolution of an 
unidentified (green algae?) skeletal grain in dolomitized 
skeletal mudstone from the burrowed member. Pore is lined 
with a brown, insoluble residue (permit #-10617; 10,693 ft; 




Because ostracodes are composed of calcite or Mg-
calcite and not aragonite, most moldic porosity is 
interpreted to represent secondary porosity associated with 
late dissolution of calcite, formed at approximately the 
same time as the development of vuggy porosity. Molds of 
fossil allochems that were aragonitic (many molluscs, green 
algae), however, probably formed relatively early in the 
diagenetic history of these sediments, possibly as a result 
of the dewatering of gypsum to anhydrite, which can release 
relatively fresh waters (Sonnenfeld, 1984, p. 330; Warren, 
1991). These waters could have dissolved some grains, 
particularly aragonitic ones. Under conditions of elevated 
salinity, gypsum dewatering can occur at depths as shallow 
as 1 m (Hovorka, 1992). 
Fracture Porosity 
Vertical fracture porosity, as with all subsequent 
porosity types discussed in this section, is a 
volumetrically minor contributor to total porosity, although 
fracture porosity is commonly observed. Fracture porosity 
was encountered in 27% of thin sections from the laminated 
member and in 26% of thin sections from the burrowed member. 
Visual estimates of the percentage of fracture porosity in 
individual thin sections rarely exceed 1 to 2%. Fracture 
porosity is best developed in the laminated dolostones 
116 
adjacent to the anhydrite member. Some fractures have been 
partially or completely closed with anhydrite or dolomite 
cements (Figure 32). 
Fracture porosity may have two origins in the "C" zone. 
Some fractures appear to have occurred relatively early as 
they are displaced by stylolites (Figure 32B). This type 
of fracture is interpreted to result from the dewatering of 
gypsum, which can produce vertical fractures in rocks with 
low permeabilities (Price, 1975, in Sonnenfeld, 1984, 
p. 310). Rarely, fractures appear to be offset by 
laminations (Figure 8B), but this may represent two 
fractures instead of one offset fracture. A second, later 
origin of fractures could be associated with lithostatic 
stresses and the greater rigidity of dolostone versus 
limestone (Handin and Hager, 1957; Lucia, 1992). 
Intraparticle Porosity 
Intraparticle porosity is limited to skeletal pores in 
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bryozoans (Figure 33), green algae, orthocone cephalopods, 
and some rugose corals. This porosity type was observed in 
20% of thin sections from the burrowed member and in 11% of 
thin sections from the laminated member. Estimates of the 
amount of intraparticle porosity in thin sections varied 
from approximately 1 to 3%. Intraparticle pores represent 
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Figure 32.- Photomicrograph and core photograph of 
fracture porosity. (A) Photomicrograph showing solution-
enlarged fracture porosity largely filled with anhydrite in 
very fine-grained dolostone from the laminated member. 
Irregular geometry of fracture suggests solution 
enlargement. Black area is open fracture porosity (permit 
#-10137; 10,863.5 ft; crossed nicols; field of view= 1.1 
mm). (B) Core photograph showing open vertical fractures in 
fine-grained, laminated dolostone from the laminated member. 
Note the offset of a vertical fracture by a stylolite 
(arrow), indicating a relatively early origin for fractures 
(permit #-10624; 10,537 ft; core diameter approximately 




Figure 33.- Photomicrograph of intraparticle porosity. 
Porosity (black) in a bryozoan fragment in dolomitized 
skeletal mudstone from the laminated member. Also note 
vuggy porosity adjacent to bryozoan grain (permit #-10624; 
10,566.5 ft; crossed nicols; field of view= 1.1 mm). 
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porosity that has been preserved as primary skeletal 
porosity (Choquette and Pray, 1970; Moore, 1989, p. 28) 
Interparticle Porosity 
Interparticle porosity occurs between crystals forming 
cements or between grains (usually peloids; Figure 34). 
Interparticle pores were observed in 8% of thin sections 
from the burrowed member and in 6% of thin sections from the 
laminated member. Visual porosity estimates of 
interparticle porosity were always< 1%. 
Interparticle porosity in the "C" zone represents void 
spaces that were only partially filled by calcite, dolomite, 
or anhydrite cements, or porosity associated with peloids in 
the laminated member, where no visible cement occurs between 
grains (Figure 34). 
Channel Porosity 
Channel porosity is the rarest porosity type observed 
in the "C" zone, and was limited to 9% of thin sections from 
the burrowed member and only 1% of thin sections from the 
laminated member (Figure 35). Channel porosity never 
exceeded 1% in visual estimates of thin section porosity. 
This type of porosity is essentially elongate, solution-
enlarged vuggy porosity that is not fabric selective 
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Figure 34.- Photomicrograph of interparticle porosity. 
Porosity (white) between peloids (rounded grains) in fine-
grained dolostone from the laminated member. (permit#-
10096; 10,876 ft; plane light; field of view= 4.3 mm). 
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Figure 35.- Photomicrograph of channel porosity. 
Porosity (black) in dolomitized skeletal mudstone from the 
burrowed member. Note the brown, insoluble residue lining 
many channel pores (permit #-10137; 10,892 ft; crossed 
nicols; field of view= 2.7 mm). 
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(Choquette and Pray, 1970). It differs from fracture 
porosity by the irregular pore geometry compared to 
the relatively straight pore geometry exhibited in 
fractures. 
Because channel porosity is essentially solution-
enlarged vuggy porosity, channel porosity is also 
interpreted to represent mesogenetic dissolution of calcite 
and dolomite associated with the generation of 
undersaturated subsurface fluids during the maturation of 
organic matter (Schmidt and McDonald, 1979). 
Porosity Distribution 
Introduction 
Lateral porosity distribution was investigated by 
construction of porosity maps based on sonic- and neutron-
porosity curves. Sonic-porosity curves were used to 
estimate the contribution of matrix or intercrystalline 
porosity, while neutron-porosity curves were used to 
estimate total formation porosity (Asquith, 1985). Based on 
the work of Kohm and Louden (1978), who used a cutoff value 
of 6% for mapping porosity in Red River Formation carbonates 
in eastern Montana, a cutoff value of 6% was utilized for 
sonic porosity mapping. A cutoff value of 10% was utilized 
for neutron porosity mapping because 10% neutron porosity is 
127 
equivalent to approximately 6% actual or true porosity 
(Rider, 1986, p. 120). This relationship was determined to 
be valid for the "C" zone by comparison of core-plug 
porosity measurements and cross-plot porosity curves (where 
available) with the neutron-porosity curves for five cores 
in the study area (Table 6). 
Porosity values through the laminated member were read 
from borehole-compensated sonic logs for sonic porosity and 
from compensated neutron-density logs for neutron porosity. 
Footages on logs where porosity was equal to or greater than 
the selected cutoff were identified, and then summed 
cumulatively through the laminated member. The end result 
of this process was the t~tal footage of sonic or neutron 
porosity for the laminated member in each well that was 
equal to or greater than the selected cutoff value. Values 
for individual wells were plotted on a map of the study area 
for isopachous mapping. The same process was applied to the 
burrowed member. The laminated and burrowed members were 
mapped separately because porosity is often developed in one 
member preferentially compared to the other member, as also 
noted by Kohm and Louden (1978) and Longman et al. (1983) in 
the "C" zone in eastern Montana. Intercrystalline (sonic) 
porosity and total (neutron) porosity were mapped separately 
in order to assess the relative contribution of 
intercrystalline porosity throughout the study area. 
Because of the dominance of vuggy and moldic porosity 
128 
TABLE 6: WELLS USED FOR COMPARISON OF 
CORE-PLUG POROSITY VERSUS NEUTRON POROSITY 
Pennit # Well Name Location {S-T-R) 
6798 #1 State Rindel 16-T162N-R96W 
9677 #1 R. Hanson 33-T164N-R98W 
9918 #1 P. Landstrom 33-T164N-R97W 
10565 #1 N. Anderson 34-T164N-R97W 
10787 #1 Wehrman 24-T163N-R102W 
relative to other types of non-intercrystalline porosities 
(see "Porosity Types"), areas that are dominated by high 
neutron porosities with correspondingly low sonic porosities 
can be considered to be areas dominated by vuggy porosity 
with a smaller contribution from moldic porosity. 
The observation that intercrystalline porosities are 
consistently lower than total porosities confirms the 
validity of this approach to log interpretation. Areal 
variations in porosity type suggest variations in location 
or prominence of specific depositional and/or diagenetic 
environments. 
Laminated Member 
The distribution of sonic and neutron porosities in the 
laminated member for the study area are shown in Figures 36 
and 37, respectively. Areas of enhanced intercrystalline 
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Figure 36.- Isopach map of sonic (intercrystalline) 
porosity in the laminated member. Footages shown represent 
porosity~ 6%. Note the preferential development of 
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Figure 37.- Isopach map of neutron (total) porosity in 
the laminated member. Footages shown represent porosity~ 
10%. Although total porosity is somewhat less localized in 
occurrence than sonic porosity (Figure 36), total porosity 
is still best developed in the northwestern part of the 
study area. 
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porosity are limited to the western two-thirds of the county 
and are clearly best developed in the northwest (Figure 36). 
The same general relationship is also observed on the map of 
total porosity, although in several areas total porosity is 
well developed and intercrystalline porosity is absent or 
poorly developed (c.f., Figures 36 and 37). Examination of 
the northwestern part of the county shows lateral variations 
in porosity in the laminated member, similar to other areas 
of the basin (Kohm and Louden, 1978; Longman et al., 1983). 
The eastern one-third and much of the southwestern part of 
the county exhibit extremely poor porosities on both sonic 
and neutron curves indicating that these areas are generally 
tight (have very poor porosity). 
Burrowed Member 
Pronounced lateral variations in both intercrystalline 
(Figure 38) and total (Figure 39) porosities also 
characterize the burrowed member in the western two-thirds 
of the county, while the eastern one-third of the county 
displays a more uniform distribution. Unlike the general 
similarity between total and intercry~talline porosity 
distributions in the laminated member, however, significant 
differences exist between the two porosity maps for the 
burrowed member. A similar, preferential development of 
intercrystalline porosity exists in the northwestern part of 
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Figure 38.- Isopach map of sonic (intercrystalline) 
porosity in the burrowed member. Footages shown represent 
porosity~ 6%. Similar to the laminated member (Figure 36), 
intercrystalline porosity is preferentially developed in the 
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Figure 39.- Isopach map of neutron (total) porosity in 
the burrowed member. Footages shown represent porosity 
~ 10%. Unlike tpe three previous porosity isopach maps 
(Figures 36-38), total porosity in the burrowed member is 
more uniformly distributed throughout the county, although 
the greatest thicknesses of total porosity also occur in the 
northwestern part of the county. 
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the county, but total porosity is more evenly developed in 
the burrowed member than in the laminated member. 
Summary of Porosity Evolution 
Interpretation of porosity in carbonate and evaporite 
rocks should begin with a consideration of the initially 
high porosities (typically 40 to 70% for carbonates and 10 
to 50% for evaporites) characteristic of the original 
sediments (Choquette and Pray, 1970; Sonnenfeld, 1984, p. 
293). Therefore, the terms "porosity preservation" or 
"porosity evolution" are more appropriate than "porosity 
development". Diagenesis normally reduces these high 
initial porosities relatively soon after burial, 
particularly in limestones and evaporites (Choquette and 
Pray, 1970; Sonnenfeld, 1984, p. 293; Moore, 1989, p. 22). 
However, limited syndepositional or penecontemporaneous 
dolomitization, particularly with carbonates interbedded 
with evaporites, is now recognized as being potentially very 
important in reducing the effectiveness of normal porosity-
reducing diagenetic events such as compaction in carbonate 
rocks (Schmoker and Halley, 1982; Warren, 1991; Lucia, 
1992). However, extensive dolomitization leads to the 
occlusion of porosity through dolomite cementation (Lucia, 
1992). Therefore, syndepositional dolomitization can be 
both a porosity-preserving and a porosity-destroying 
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event. Both scenarios are interpreted to have been 
important in the "C" zone (see "Dolomitization Model~"). 
Porosity mapping of the "C" zone indicates that 
intercrystalline porosity is preferentially developed in the 
northwestern part of the county in both the laminated and 
burrowed members, as are vuggy and moldic porosity. In the 
rest of the study area, however, non-intercrystalline pore 
types (dominated by vuggy and moldic porosity) are poorly 
developed in the laminated member, but are relatively well 
developed in the burrowed member (Figures 36-39). These 
porosity variations could be controlled by original 
depositional facies, diagenetic environments, or both. 
Evidence presented earlier strongly suggests that all three 
members of the "C" zone are subtidal in origin. This 
suggests that depositional environment may play less of a 
role in porosity evolution than diagenetic processes. 
However, due to the complexity of pore types and porosity 
distributions, depositional factors can not be dismissed as 
far as porosity evolution in the "C" zone is concerned. For 
example, the distribution of intercrystalline porosity is 
interpreted to have been partially influenced by bathymetry 
(a depositional parameter which could have localized brines) 
and dolomitization (a porosity-modifying diagenetic event; 
see "Dolomitization"). In this scenario a variation in 
depositional environment influenced the location and 
intensity of a diagenetic process, and therefore played an 
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important role in the distribution of intercrystalline 
porosity. However, differences in distribution of other 
porosity types suggest that other models must also be 
important to porosity evolution in the "C" zone. 
Some workers have suggested that dolomitization is the 
primary control on porosity distribution in the "C" zone 
(Kendall, 1976; Kohm and Louden, 1978, 1988; Longman et al., 
1983, 1987). But the presence of considerable vuggy 
porosity in undolomitized or only partially dolomitized 
limestones in the study area indicates that dolomitization 
is not the only important control on porosity. The 
distribution of dolostone does not control the distribution 
of vuggy, moldic, and channel porosity because dolostones 
also contain vuggy porosity, although on a smaller scale 
than do limestones. For vuggy, moldic, and channel 
porosity, subsurface dissolution of calcite and dolomite by 
solutions undersaturated with respect to these minerals is 
interpreted to be the dominant control on porosity. Other 
minor controls on porosity include skeletal grain abundance 
and degree of grain recrystallization (intraparticle and 




Dolomitization of ancient carbonate sediments has long 
been recognized as a widespread phenomenon (Van Tuyl, 1916; 
Fairbridge, 1957; Sonnenfeld, 1964; Zenger, 1972; Zenger and 
Dunham, 1980; Machel and Mountjoy, 1986; Mazzullo, 1992). 
Textural variations of dolomite have been related to crystal 
growth theory, and some workers (Friedman, 1965; Gregg and 
Sibley, 1984; Sibley and Gregg, 1987; Gregg et al., 1992; 
Mazzullo, 1992; Montanez and Read, 1992) have suggested that 
dolomite textures can reveal information regarding the 
temperatures, rates of crystallization, degree(s) of 
supersaturation of the dolomitizing medium(s), and the 
degree of neomorphism undergone by pre-existing dolomite. 
The term neomorphism as used in this study follows the usage 
of Folk (1965), who defined neomorphism as encompassing 
mineralogical change in addition to textural change during 
alteration. An example of this is the transformation of 
calcian-rich, poorly-ordered initial dolomite phases to more 
stoichiometric, better-ordered dolomite (Mazzullo, 1992). 
Recrystallization refers to textural change without any 
accompanying mineralogical change (Bathurst, 1975, p. 476). 
A great variety of dolomite textures were observed in 
this study. A fundamental distinction between dolomite 
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crystals involves the planar versus nonplanar boundaries of 
crystals. Planar dolomite crystals are defined as having 
straight boundaries; nonplanar dolomite crystals have 
irregular, curved, lobate, serrated, or otherwise indistinct 
boundaries (Sibley and Gregg, 1987). Considerations of 
crystal growth theory (Lewis, 1975; Jackson, 1958; Bennema 
and Gilmer, 1973; Vere, 1987, p. 15) suggest that planar 
crystal surfaces should grow at either low temperatures 
and/or low supersaturations, while nonplanar crystals should 
grow at elevated temperatures and/or high supersaturations. 
The approximate temperature which divides planar and 
nonplanar growth for a mineral is its critical roughening 
temperature (CRT; Gregg and Sibley, 1984). Nucleation and 
growth at the CRT and below produces euhedral or subhedral 
(planar) crystal surfaces by lateral migration of layers 
(Lewis, 1975). Nucleation and growth at temperatures above 
the CRT leads to growth by random addition of atoms to the 
crystal surface, which produces anhedral (nonplanar) crystal 
surfaces. Sibley and Gregg (1987) applied these concepts to 
dolomite and suggested that planar dolomites generally form 
at temperatures less than 50 to 60°c, their best estimate of 
the CRT for dolomite. 
Temperature, however, is not the only factor which 
affects crystal growth; the degree of supersaturation of the 
fluid can also have a pronounced effect on resultant crystal 
geometry (Sibley and Gregg, 1987). If supersaturation is 
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high enough, nonplanar dolomite theoretically can form at 
temperatures below the CRT for dolomite, and if 
supersaturation is low enough, planar dolomite could grow at 
temperatures above the CRT. Although such combinations of 
temperature and supersaturations are thought to be rare in 
nature, a definitive method is not currently available to 
differentiate the relative importance of temperature versus 
supersaturation level in regards to crystal growth in 
ancient rocks (Sibley and Gregg, 1987; Mazzullo, 1992). 
Even though no experimental confirmation of the above model 
for crystal growth from solution exists (Gregg and Sibley, 
1984), the model is commonly applied to crystal growth 
systems (Lewis, 1975; Vere, 1987, p. 14), and has been 
applied to dolomite as well (Gregg and Sibley, 1984; Sibley 
and Gregg, 1987; Mazzullo, 1992). 
Kendall (1977, 1984), Kohm and Louden (1978, 1988), 
Wittstrom and Chimney (1980), Longman et al. (1983, 1987), 
Clement (1985), and Perkins (1991) have all proposed 
dolomitization models for the Red River Formation which 
focused on one dominant control for dolomitization. 
However, a wide variety of dolomite textures exists in the 
study area, which indicates that dolomitization is more 
complex than previously suggested by these authors. 
Appendix C lists the various dolomite textures observed in 
each thin section described in this study. 
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The dolomite textural classifications of Sibley and 
Gregg (1987) and Mazzullo (1992) are used in this study. 
All dolomite can be considered to be planar or nonplanar, 
and can occur in allochems, matrix, or voids. In this 
study, matrix is typically aphanocrystalline dolostone in 
dolomitized beds, limestone in non-dolomitized beds, or 
insoluble residue (kerogen?). Mazzullo (1992) recognized 
four types of planar dolomite (euhedral, subhedral, cement, 
and porphyrotopic) and three types of nonplanar dolomite 
(anhedral, cement, and porphyrotopic; Figure 40). All seven 
of these dolomite textures are observed in the "C" zone. 
Comparison of textural observations of "C" zone dolomites, 
in terms of the relative abundance of planar textures versus 
nonplanar textures, reveals that these two textural groups 
occur in approximately equal amounts in both the laminated 
and burrowed members. However, when planar and nonplanar 
dolomites are further subdivided according to the above 
classifications, great diversity exists among planar 
textures, while extremely low diversity exists among 
nonplanar textures. All planar textures were common 
throughout the "C" zone, while only one nonplanar texture 
(nonplanar-anhedral) was common. This relationship is 
observed in both the laminated and burrowed members. 
Dolomite textures in the "C" zone are discussed in relative 
order of abundance of nonplanar and planar varieties as 
estimated from thin sections, arbitrarily beginning with 
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Figure 40.- Classification of dolomite textures. All 
dolomite is differentiated as planar or nonplanar, and 
subsequently divided according to its mode of occurrence (in 
allochems, matrix, or voids; from Mazzullo, 1992). 
PLANAR DOLOMITES 
0 
(less than 50-60 C) 
Planar-E: dolomite crystals mostly euhedral; 
crystal-supported with interxtall areas 
filled with another mineral or porous 
Planar-S: subhedral to anhedral crystals, 
low porosity and/or little interxtall matrix; 
straight compromise boundaries common, 
greater than 30% crystal-face junctions 
(• hypidiotopic and some xenotopic of 
Friedman 1965) 
Planar-C: euhedral crystals lining pores or 
surrounding patches of another mineral 
(e.g., gypsum, calcite). May also be replacive 
dolomite, where undolomitized Interior or 
allochem was later dissolved 
Planar -P: porphyrotopic, scattered crystals 
in matrix (matrix-supported) 
NONPLANAR DOLOMITES 
(gr&eter than 50-6o°C) 
Nonplanar-A: anhedral crystals with mostly 
irregular interxtall boundaries (less than 30~. 
crystal-face junctions); crystals commonly 
with undulatory extinction, inclusions; also 
includes replacement saddle dolomite 
Nonplanar -C: pore lining saddle dolomite 
cement crystals 
Nonplanar -P: porphyrotopic, single anhedral 
crystals or patches of anhedral crystals, 
matrix -supported; crystals commonly with 
undulalory ex line lion 
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nonplanar varieties. Textures described first are 
volumetrically more important than subsequent textures as 
based on visual estimations of abundance. 
A type of dolomite texture which does not fit into the 
seven-fold subdivision discussed above involves the mimical 
replacement of allochems by dolomite. Mimical replacement 
refers to replacement in which the internal form and 
structure are preserved (Kaldi and Gidman, 1982). An 
example is the replacement of echinoderm fragments and other 
bioclasts by dolomite, which is easily detected with stained 
thin sections (Figure 41). Nonmimical replacement involves 
the destruction of internal form and structure (Sibley and 
Gregg, 1987). Skeletal grains which were replaced by 
dolomite were included in estimates of bioclast abundance 
(Appendix D) and not in descriptions of dolomite textures 
(Appendix C) because of the extremely fine scale of mimical 
replacement, which did not allow easy differentiation of 
planar versus nonplanar crystal morphologies. 
Nonplanar-anhedral Texture 
Nonplanar-anhedral dolomite consists of dolomite 
crystals with irregular boundaries (Figure 42A). It 
commonly has very little or no porosity. Individual 
crystals may have undulatory extinction and inclusions 
(Sibley and Gregg, 1987; Mazzullo, 1992). This texture is 
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Figure 41.- Photomicrographs showing variable 
dolomitization of skeletal grains. (A) Dolomitized 
echinoderm grain in calcite matrix (stained red with 
alizarin red S) from the burrowed member. Note planar-
porphyrotopic dolomite crystals nearby (see "Planar-
porphyrotopic Texture"; permit #-11381; 10,045 ft; plane 
light; field of view= 1.1 mm). (B) Example of non-
dolomitized echinoderm grains surrounded by dolomite matrix 
from the burrowed member. Such variation in dolomitization 
of skeletal grains is very common in the "C" zone (permit# -









Figure 42.- Photomicrographs of nonplanar-anhedral and 
nonplanar-cement dolomite textures. {A) Nonplanar-anhedral 
dolomite in fine-grained dolostone from the burrowed member. 
Note the irregular geometries of the crystal boundaries. 
Dark areas are local concentrations of insoluble residue 
(permit #-11381; 11,065.5 ft; plane light; field of view= 
1.1 mm). (B) Nonplanar-cement dolomite, in this case saddle 
dolomite, filling vuggy porosity in dolomitized skeletal 
mudstone from the burrowed member. Note the presence of a 
previous, planar-cement generation of dolomite which lines 
the initial vug walls, as well as the dominant nonplanar-
anhedral texture of the surrounding dolomitized mudstone. 
Such complexity of dolomite textures is common and indicates 
several episodes of dolomitization in the "C" zone {permit 
#-10311; 10,718 ft; crossed nicols; field of view= 2.7 mm). 
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the most common dolomite texture observed in the "C" zone, 
being present in 89% of thin sections from both the 
laminated and burrowed members (Appendix C). 
Nonplanar-anhedral dolomite generally appears to be a 
neomorphic replacement of laminated mudstone in the upper 
laminated member and anhydrite member, or burrow-mottled 
mudstones and wackestones in the lower laminated and 
burrowed members. Although nonplanar-anhedral dolomite is 
generally thought to form at temperatures above 50-60°C, 
some aphanocrystalline nonplanar dolomite could be primary, 
because submicron-size crystals could crystallize with 
curved faces due to high surface free energy conditions 
(Gregg and Sibley, 1984). This suggests that nonplanar-
anhedral textures can occur in both eogenetic and 
mesogenetic conditions. A possible example of nonplanar-
anhedral dolomite which may have formed in the eogenetic 
zone occurs in the anhydrite member. During or soon after 
deposition of these sediments, dolomitization may have 
occurred in highly-supersaturated brines associated with the 
precipitation of evaporites. 
Nonplanar-cement Texture 
Nonplanar-cement texture is generally pore-lining 
saddle dolomite (Figure 42B; Sibley and Gregg, 1987; 
Mazzullo, 1992), which is characterized by curved crystal 
153 
faces and cleavage planes and marked undulatory extinction. 
Saddle dolomites owe their origin to mesogenetic conditions 
(Radke and Mathis, 1980). Nonplanar-cement dolomite is very 
rare in the "C" zone and was observed in only 6% of thin 
sections from the burrowed member, and not at all in the 
laminated member (Appendix C). All occurrences were vug-
filling dolomites. 
Radke and Mathis (1980) noted the common association of 
saddle dolomite with hydrocarbons, and based on this 
association suggested that it forms at temperatures within 
the oil generation window of approximately 60-150°C. Saddle 
dolomite has also been associated with mesogenetic sulfate 
reduction (Tucker and Wright, 1990, p. 395). The occurrence 
of saddle dolomite in vugs, which are commonly associated 
with hydrocarbons in the "C" zone, is consistent with an 
origin in the mesogenetic zone. 
Nonplanar-porphyrotopic Texture 
Nonplanar-porphyrotopic texture consists of dolomite 
crystals or patches of crystals floating in limestone or 
dolostone matrix (Figure 43; Sibley and Gregg, 1987; 
Mazzullo, 1992). Nonplanar-porphyrotopic dolomite is 
extremely rare in the "C" zone and was observed in only 2% 
of thin sections from the burrowed member and not at all in 
the laminated member (Appendix C). 
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Figure 43.- Photomicrograph of nonplanar-porphyrotopic 
dolomite texture. Nonplanar-porphyrotopic texture in this 
case is due to more intense dolomitization in burrow (center 
of photomicrograph) than in the surrounding partially 
dolomitized skeletal mudstone. Dolomite crystals in 
surrounding mudstone are mostly planar-porphyrotopic (permit 
#-10617; 10,700 ft; plane light; field of view= 2.7 mm). 
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Nonplanar-porphyrotopic dolomite may represent 
nonmimical replacement of allochems or matrix in highly 
supersaturated brines (Sibley and Gregg, 1987), which could 
occur either in eogenetic or mesogenetic conditions. 
Because nonmimical replacement often completely obliterates 
the original texture of grains that it replaces, positive 
identification of replaced grains is often very difficult or 
impossible. Nonplanar-porphyrotopic texture is also 
observed in connection with differential dolomitization of 
burrows relative to the surrounding matrix (Figure 41). 
Planar-subhedral Texture 
Planar-subhedral texture consists of subhedral to 
anhedral crystals of dolomite, many of which have planar 
compromise boundaries (Figure 44; Sibley and Gregg, 1987; 
Mazzullo, 1992). Generally, very little intercrystalline 
porosity or matrix was observed in planar-subhedral 
• j 
dolomite, although locally planar-subhedral dolomite occurs 
with moderate amounts of matrix (Figure 44B). This texture 
was the most common planar texture observed in the "C" zone, 
and was present in 32% of thin sections from the burrowed 
member and 31% of thin sections from the laminated member. 
Planar-subhedral dolomite locally may be the volumetrically 
dominant texture in the laminated or burrowed members, but 
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Figure 44.- Photomicrographs of planar-subhedral 
dolomite texture. (A) Planar-subhedral dolomite in fine-
grained dolostone with associated insoluble residue (dark) 
from the burrowed member (permit #-10769; 10,545 ft; plane 
light; field of view= 1.1 mm). (B) Planar-subhedral 
dolomite above a bivalve shell (center of photomicrograph). 
This photograph demonstrates a "shelter effect" in which the 
shell prevented extensive dolomitization of skeletal 
mudstone/wackestone below it. Dolomitization below the 
shell is limited to scattered planar-porphyrotopic crystals. 
This suggests dolomitization by downward-moving fluids in 
the burrowed member. Dark areas between dolomite crystals 
are insoluble residue and remnant micrite. This 
photomicrograph is the plane light counterpart for Figure 





is more often secondary to nonplanar-anhedral dolomite, 
particularly in the laminated member (Appendix C). 
The distinction between planar-subhedral and nonplanar-
anhedral dolomites can be difficult to make in some cases, 
but may be arbitrarily differentiated by the presence of 
> 30% crystal-face junctions between crystals as established 
by point-counting (Gregg and Sibley, 1984). These two 
textures were distinguished qualitatively in this study, 
with little difficulty or uncertainty as to the assignment 
made. 
Planar-subhedral dolomite is interpreted to represent 
eogenetic dolomite formed by syndepositional reflux 
dolomitization by seawater and/or seawater-derived brines as 
waters in the Williston basin became concentrated due to 
increasingly evaporitic conditions. Several lines of 
evidence support this interpretation: (1) planar-subhedral 
and planar-euhedral dolomites commonly are absent below 
large allochems (Figure 44B). This sheltering effect 
strongly suggests dolomitization by downward-moving fluids. 
(2) Vertical fractures are observed only in dolomite, 
particularly in the upper part of the laminated member 
adjacent to the anhydrite member. These fractures are 
interpreted as having an early origin associated with the 
dewatering of gypsum to anhydrite in the anhydrite member 
(see "Other Diagenetic Features"). Therefore, the 
preferential fracturing of dolomite indicates that the 
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dolomite was present before the fractures, which supports an 
eogenetic origin for the dolomite. (3) The preservation of 
porosity mostly in moderately dolomitized sections of the 
"C" zone, and the subsequent loss of porosity due to 
compaction in the surrounding undolomitized mudstones and 
wackestones, suggests dolomitization occurred before 
significant compaction (Lucia, 1992). (4) Planar geometries 
suggest nucleation and growth at temperatures less than 50-
600C (Sibley and Gregg, 1987), temperatures more indicative 
of the eogenetic zone rather than the mesogenetic zone 
(Sonnenfeld, 1984, p. 34; Logan, 1987). 
Planar-subhedral and planar-euhedral dolomites also 
occur in burrow-mottled carbonates in the burrowed member. 
Burrow-mottled, planar dolomite may owe its origin to 
organogenic dolomitization (Baker and Kastner, 1981; 
Compton, 1988; Slaughter and Hill, 1991). This eogenetic 
dolomitization model asserts that dolomite precipitation is 
favored in marine environments characterized by higher than 
normal alkalinities and low dissolved sulfate concentrations 
(Baker and Kastner, 1981). Conditions similar to these 
appear to have existed during the deposition of the "C" 
burrowed and laminated members, suggesting that organogenic 




Planar-euhedral textures are present when almost all 
dolomite crystals are well-formed rhombs which coalesce into 
a crystal-supported fabric with intercrystalline areas which 
are either matrix or intercrystalline porosity (Figure 45; 
Sibley and Gregg, 1987; Mazzullo, 1992). This texture 
occurs in 30% of thin sections from the burrowed member and 
in 20% of thin sections from the laminated member. Although 
common, planar-euhedral dolomite is rarely the dominant 
dolomite texture observed in the thin sections (Appendix C). 
Areas consisting of planar-euhedral dolomite in the "C" zone 
are often filled with insoluble residue (kerogen?; Figure 
45B) and are commonly present in sections of wells which 
have been completed as producing wells. Planar-euhedral 
texture is also sometimes associated with burrow fills. 
Planar-euhedral dolomite is interpreted to have 
similar origins to planar-subhedral dolomite: an eogenetic 
dolomite formed during syndepositional seawater or brine 
reflux, or possibly from organogenic dolomitization in 
burrow mottles. However, planar-subhedral dolomite probably 
represents more extensive syndepositional dolomitization, 
where porosity is reduced by increased dolomite cementation. 
Individual planar dolomite crystals would act as nuclei for 
continued precipitation of dolomite, which under conditions 
of high supersaturation would precipitate with more 
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Figure 45.- Photomicrographs of planar-euhedral 
dolomite texture. (A) Dolomitized burrow with planar-
euhedral dolomite in dolomitized mudstone matrix from the 
burrowed member. Large grain in the lower left corner is an 
echinoderm grain (permit #-10156; 11,281 ft; plane light; 
field of view= 1.1 mm). (B) Dolomitized mudstone with 
planar-euhedral dolomite and insoluble residue (brown) from 
the burrowed member (permit #-10787; 10,733 ft; plane light; 




irregular crystal faces, thereby reducing the number of 
planar crystal faces. Planar-euhedral dolomite would occur 
where seawater or brine reflux dolomitization was less 
extensive or where dolomitizing fluids were less 
supersaturated, thereby preserving more intercrystalline 
porosity. 
Planar-cement Texture 
Planar-cement texture consists of generally euhedral to 
subhedral dolomite crystals that line pores (Figure 46A) or 
have a sporadic to uniform distribution around allochems 
(Sibley and Gregg, 1987; Mazzullo, 1992). This texture 
occurs in 28% of thin sections from the burrowed member and 
19% of thin sections from the laminated member. Although 
planar-cement texture is common, it is volumetrically 
insignificant, usually comprising well under 1% of the 
dolomite in a particular thin section. The overwhelming 
majority of planar-cement dolomite in both members of the 
"C" zone occurs as isolated rhombs in vugs (Figure 46A). 
Commonly, planar-cement dolomites have relatively large 
dimensions compared to other dolomite textures (Appendix C), 
which may indicate precipitation at elevated temperatures 
(Genck and Larson, 1972; Sibley and Gregg, 1987). However, 
if planar-cement dolomite precipitated at elevated 
temperatures above the CRT, planar morphology would be 
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Figure 46.- Photomicrographs of planar-cement and 
planar-porphyrotopic dolomite textures. (A) Medium-grained 
planar-cement dolomite in vuggy porosity (black) in fine-
grained dolostone from the burrowed member (permit #-11381; 
11,065.5 ft; crossed nicols; field of view= 1.1 mm). (B) 
Planar-porphyrotopic dolomite (individual dolomite rhombs 
near center of photomicrograph) in dolomitized mudstone from 
the burrowed member. Irregular-shaped grains (white areas) 
are recrystallized skeletal grains and/or recrystallized 
mudstone matrix (permit #-10769; 10,757 ft; plane light; 




achievable only if the degree of supersaturation was low 
(Sibley and Gregg, 1987). Therefore, planar-cement texture 
is interpreted as a late dolomite cement that precipitated 
at elevated temperatures and low supersaturation conditions. 
The scarcity of this texture is consistent with Sibley and 
Gregg's (1987) statement that conditions of low 
supersaturations with elevated temperatures are rare in 
nature. In addition, if vuggy porosity is the result of 
mesogenetic dissolution as interpreted, the · occurrence of 
planar-cement textures in vuggy porosity would indicate a 
late mesogenetic origin for planar-cement dolomite. 
Planar-porphyrotopic Texture 
Planar-porphyrotopic texture is composed of scattered 
euhedral to subhedral dolomite crystals or small groups of 
crystals in a matrix of limestone or dolostone (Figure 46B; 
Sibley and Gregg, 1987; Mazzullo, 1992). Planar-
porphyrotopic texture was observed in 26% of thin sections 
from the burrowed member and in 18% of thin sections from 
the laminated member. This texture is most often observed 
in partially dolomitized mudstones and wackestones of the 
burrowed member and in dolomitic mudstones and wackestones 
of the laminated member (Appendix C). Like planar-cement 
dolomite, planar-porphyrotopic dolomite is common but 
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volumetrically minor, usually comprising< 3% of dolomite in 
a thin section. 
Planar-porphyrotopic texture may represent localized 
eogenetic dolomitization of Mg-rich allochems or micrite, 
with the extent of porphyrotopic texture limited by the 
local source of Mg. 
Other Diagenetic Features 
Disseminated Pyrite 
Pyrite occurs in a variety of morphologies ranging from 
small, euhedral cubes to anhedral, irregularly-shaped 
patches (Figure 47). Its opaque appearance in thin section 
and variable morphology sometimes make identification of 
pyrite difficult, especially in the presence of insoluble 
residue (kerogen?), which is also opaque and irregularly 
distributed. Pyrite is widespread throughout the "C" zone, 
but never occurs as more than a few percent of any one thin 
section. A significant mode of occurrence of pyrite is as 
an apparent nucleation site for crystallotopic anhydrite 
(see "Recrystallization/Neomorphism of Matrix"). This 
relationship with crystallotopic anhydrite suggests an early 
origin for the pyrite, possibly as a result of sulfate 
reduction in an anaerobic environment (Sonnenfeld, 1984, p. 
223). 
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Figure 47.- Photomicrograph of pyrite. Pyrite appears 
as opaque, subhedral-cubic shapes near a stylolite (across 
center of photo) with associated insoluble residue, 
suggesting concentration of disseminated pyrite during 
mesogenetic dissolution that produced the stylolite (permit 
#-10311; 10,723.5 ft; plane light; field of view= 1.1 mm). 
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Dissolution of Grains 
Evidence of dissolution is apparent on some skeletal 
grains, with the most obvious examples involving crinoid 
colurnnals {Figure 48). Many of these skeletal grains are 
not in contact with other grains, suggesting that grain-to-
grain pressure solution was not responsible for dissolution. 
However, many of these crinoid colurnnals have been mimically 
replaced by dolomite, suggesting that dolomitization 
involved some dissolution of grains, perhaps during 
redistribution of Mg in the grains. Modern echinoderm 
skeletons are dominantly magnesian calcite {Mg-calcite), 
which suggests ancient echinoderms may also have been 
composed of Mg-calcite {Chave et al., 1962; Bathurst, 1975, 
p. 50; Scholle, 1978). In some cases dissolution occurred 
during mesogenetic diagenesis due to compaction and pressure 
solution, as indicated by the interpenetration of skeletal 
grains in the proximity of stylolites. Many fossil molds 
appear to owe their origin to the dissolution of ostracode 
tests and are also evidence of skeletal grain dissolution 
{Figure 31A). Other skeletal grains which occasionally show 
evidence of dissolution are molluscs and calcareous green 
algae. 
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Figure 48.- Photomicrographs showing grain 
dissolution. (A) Dolomitized mudstone from the burrowed 
member with partially-dissolved echinoderm ossicle plate 
(right center of photomicrograph) and unidentifiable 
echinoderm fragment (left center). Smaller grains are 
fragmented and/or partially-dissolved bioclasts (permit#-
10137; 10,888 ft; plane light; field of view= 2.7 mm). (B) 
Example of partially-dissolved crinoid ossicle plate 
(slightly left of center) in skeletal wackestone from the 
burrowed member. Red staining (alizarin red S) indicates 
calcite composition (permit #-10787; 10,723 ft; plane light; 




Replacement of Grains 
As mentioned earlier, most skeletal grains in the 
laminated member and many skeletal grains in the burrowed 
member have been replaced by dolomite, with exquisite 
preservation of microfabrics and/or structures ("mimical" 
replacement of Kaldi and Gidman, 1982). This type of 
replacement is considered to be the result of dissolution-
reprecipitation processes (Bathurst, 1975, p. 329; Tucker 
and Wright, 1990, p. 333). Occasionally skeletal grains are 
replaced by dolomite while the matrix is not. In other 
instances matrix is dolomitized, while skeletal grains are 
not (Figure 41B). Such variable replacement suggests 
variations in the supersaturation state (with respect to 
dolomite) of the dolomitizing fluid(s). According to Sibley 
and Gregg (1987), fluids with relatively low supersaturation 
can dolomitize matrix without dolomitizing allochems or vice 
versa, while fluids with high supersaturation should 
dolomitize all constituents. Such variation in 
supersaturation could occur in the eogenetic zone 
(Sonnenfeld, 1984, p. 111) or mesogenetic zone (Morse and 
Mackenzie, 1990, p. 393), thereby making the interpretation 
of such textural and mineralogical variation difficult. 
Some bioclasts, particularly echinoderms, have been 
partially to totally replaced by anhydrite (Figure 49A). 
This replacement is often subtle, and is difficult to 
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Figure 49.- Photomicrographs showing bioclasts 
replaced by anhydrite or silica. (A) Large echinoderm grain 
in dolomitized mudstone from the burrowed member showing 
complete replacement by anhydrite as demonstrated by cubic 
anhydrite cleavage and vivid interference colors (permit#-
10137; 10,888 ft; crossed nicols; field of view= 1.1 mm). 
(B) Green algal grain (?) in upper left portion of 
photomicrograph showing fairly complete replacement by 
silica in a skeletal wackestone from the burrowed member. 
The recrystallized bivalve grain across the bottom of the 
photomicrograph also shows some replacement by silica in the 
bottom right portion of the photomicrograph (permit #-10787; 





interpret because grains that have been replaced are 
commonly adjacent to grains that have not been replaced. In 
rarely observed cases, some skeletal grains were partially 
replaced by silica (Figure 49B). The timing of anhydrite 
and silica replacement apparently postdates some 
dolomitization, as indicated by relict dolomite within areas 
of replacement anhydrite and silica. 
Recrystallization/Neomorphism of Grains 
Skeletal grains which show evidence of 
recrystallization and/or neomorphism appear to be limited to 
molluscs (Figures 49B and 50) and green algae. These 
allochems are usually recrystallized to microspar (4-10 µm 
in diameter) or pseudospar (10-50 µmin diameter; Folk, 
1965). Consideration of skeletal mineralogies of many 
modern representatives from these two phyla (Chave et al., 
1962; Bathurst, 1975, p. 59; Tucker and Wright, 1990, p. 
14), along with the restricted distribution of skeletal 
recrystallization fabrics, suggest that these organisms 
originally may have been aragonitic. If this is the case, 
solutions undersaturated with respect to aragonite passed 
through the "C" zone in the study area and preferentially 
dissolved skeletal grains composed of aragonite. This would 
explain the observed distribution of recrystallization 
fabrics because other types of bioclasts observed in this 
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Figure 50.- Photomicrograph showing recrystallized 
grains. All recrystallized grains in this skeletal 
wackestone from the burrowed member appear to be molluscs 
and contain coarse calcite spar in the interiors of grains. 
Note, however, the presence of a mollusc grain (extreme 
right) which is not recrystallized, as indicated by the 
preservation of foliated (?) shell microstructure. Other 
skeletal grains include echinoderms (top center), green 
algae (upper right), and scattered, but fairly numerous, 
ostracodes (permit #-9918; 10,757 ft; crossed nicols; field 
of view= 2.7 mm). 
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study generally are interpreted to have been originally 
composed of calcite or Mg-calcite. However, Boardman et al. 
(1987) pointed out that skeletal mineralogies of many 
ancient organisms are still uncertain. 
Recrystallization/Neomorphism of Matrix 
Evidence for the recrystallization or neomorphism of 
micrite is present in the form of "structure grumeleuse" 
(Bathurst, 1975, p. 511). This fabric consists of microspar 
and pseudospar enveloping relict (?) areas of micrite, which 
gives a clotted appearance (Figure 51). Structure 
grumeleuse is best developed in the lower portions of the 
laminated member and the upper portions of the burrowed 
member. The origin of this fabric has been interpreted as 
resulting either from the diagenetic recrystallization or 
neomorphism of micrite (Cayeux, 1935, in Bathurst, 1975, p. 
511), or the coalescence and recrystallization of peloids 
(Beales, 1965). 
Replacement of Matrix 
Dolostones in the anhydrite and laminated, members 
commonly contain trace amounts to approximately 10% small, 
lath-shaped to blocky needles of anhydrite that are 
approximately 200 to 300 µmin length and 20 to 50 µmin 
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Figure 51.- Photomicrograph showing "structure 
grumeleuse". This distinctive structure is common in 
dolomitized mudstones in the lower part of the laminated 
member. White areas are recrystallized micrite, whereas 
darker areas are remnant (non-recrystallized) micrite 




width (Figure 52). This anhydrite texture was termed 
crystallotopic anhydrite by Maiklem et al. (1969). The 
anhydrite needles commonly have a nucleus of pyrite (Figure 
52B) and almost always have a random orientation. 
Occasionally the needles display crude alignment that is 
subparallel with bedding. Crystallotopic anhydrite is 
considered to be replacive in origin (Maiklem et al., 1969). 
Vertical Fractures 
Vertical fractures are present throughout the "C" zone, 
but are best developed in the laminated member immediately 
adjacent to the anhydrite member (Figure 32). Fractures in 
the "C" zone are restricted to the more heavily dolomitized 
portions of the zone, and were not observed in limestone. 
This suggests that dolomite is more brittle than calcite 
(Handin and Hager, 1957). The fractures may be open, or 
closed with anhydrite or dolomite cement. The relatively 
early origin of some fractures in close proximity to the 
anhydrite member is demonstrated by the fact that stylolites 
offset fractures in many instances (Figure 32B). These 
fractures are interpreted to result from stresses due to 
dewatering of gypsum. Price (1975) showed that when gypsum 
dewaters to anhydrite in rocks with low vertical 
permeabilities, these rocks will fail in a series of 
vertical fractures. The concentration of fractures near the 
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Figure 52.- Photomicrographs showing crystallotopic 
anhydrite. (A) Dolomitic mudstone from the laminated member 
with well-developed crystallotopic anhydrite. The variable 
geometries reflect different cross-sectional views through 
lenticular and prismatic anhydrite crystals (Schreiber, 
1981; permit #-10624; 10,538.5 ft; crossed nicols; field of 
view= 2.7 mm). (B) Close-up of crystallotopic anhydrite 
crystals in aphanocrystalline to very fine-grained dolostone 
from the laminated member, with one showing a pyrite nucleus 
(opaque subhedral cube) near its center. Most or all 
anhydrite crystals may have pyrite nuclei, but the pyrite 
nuclei are visible in only a few anhydrite crystals in any 
one thin section. This is due to the variable location of 
the actual plane of section through the anhydrite crystals, 
which are large compared to the pyrite nuclei (permit#-




anhydrite member supports this i nte rpr e t a tion. The 
dewatering of gypsum to anhydrite is c omplete a t depth s of 
approximatley 3,700 ft, and often cons i dera b ly les s 
(Sonnenfeld, 1984, p. 333; Hovorka , 1992). Othe r frac t u res 
in the "C" zone likely owe their origin to diagenetic ev ents 
in the mesogenetic zone, such as differential compaction of 
limestone and dolostone, and possibly regional stresses. 
Argillaceous Dolomite and Anhydrite Nodules 
Nodules that are composed mostly of dolomite with 
varying amounts of argillaceous material are present at 
relatively consistent horizons near the top of the burrowed 
member and occasionally in the basal part of the laminated 
member (Appendix B). The nodules are generally elongate and 
parallel to bedding but locally show considerable variation 
in shape (Figure 53) and are present in most, but not all, 
wells near the top of the burrowed member. In a few wells 
nodules composed entirely of anhydrite were observed at 
similar horizons. According to Bathurst (1975), nodules may 
represent displacive secondary growth as a result of slowed 
sedimentation rates in a subtidal environment. His evidence 
for this is that many nodules in carbonate rocks have been 
associated with hardgrounds, which suggest slowed 
sedimentation. The occurrence of nodules near the boundary 
between the burrowed and laminated members is consistent 
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Figure 53.- Core photograph of dolomite and anhydrite 
nodules in dolomitic skeletal mudstone. The bright white 
nodule at the top of the core is anhydrite, while all other 
nodules (cream-colored) are argillaceous dolomite nodules. 
The nodules usually occur in dolomitic skeletal mudstones in 
the burrowed member (permit #-9622; 10,707 ft; core diameter 
approximately 10 cm; up is to the left). 
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with an interpretation of slowed sedimentation due to 
increasingly evaporative conditions. However, the 
recognition of hardgrounds can be difficult, particularly in 
cores. In addition, not all nodules in nature occur in 
association with hardgrounds. Nodular structures in sabhkas 
are an example (Kinsman, 1969). Because of similar 
geometry, limited distribution, and similar stratigraphic 
position, the anhydrite nodules are considered to be 
replacive after the carbonate nodules, possibly in the 
eogenetic zone. Jacka (1981) suggested that subtidally-
deposited carbonates in the Permian and Maverick basins of 
Texas have been replaced by nodular anhydrite at shallow 
depths of burial. 
Insoluble Residue (Kerogen?) 
Organic-rich, insoluble residue (kerogen?) is 
widespread throughout the "C" zone in the study area and has 
several modes of occurrence, the most obvious as discrete 
beds less than 2 ft thick within the burrowed member 
("kerogenites" of Kohm and Louden, 1978; Figure llB). These 
beds are considered to be the likely source for Red River 
Formation oils, particularly in the "C" zone (Kendall, 1976; 
Kohm and Louden, 1978; Longman et al., 1983). Organic-rich, 
insoluble residue (kerogen?) also occurs in large quantities 
in approximately the upper half of the anhydrite member, as 
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evidenced by the uniformly dark color of that part of the 
member. Insoluble residue is widely present in pores 
throughout the "C" zone where it appears as an opaque 
material in thin sections and, therefore, can be difficult 
to differentiate from pyrite, iron oxides, or other less 
common opaque minerals (Scholle, 1978). Insoluble residue 
is particularly abundant in intercrystalline and vuggy 
porosity in both the laminated and burrowed members (Figure 
45B), especially in producing zones. 
Anhydrite Cementation 
Anhydrite commonly occurs as coarse, blocky, vug-
filling cement in the burrowed member (Figure 54). This 
type of anhydrite is volumetrically minor but was observed 
in most cores examined. A highly-irregular distribution 
exists with vug-filling anhydrite adjacent to completely 
open vuggy porosity (Figure 54A). Insoluble residue 
(kerogen?) trapped between the vug wall and anhydrite in 
many former vugs (Figure 54B) suggests that the anhydrite 
had a late origin precipitating after hydrocarbon migration 
through the "C" zone. Five vug-filling anhydrite samples 
analyzed for 034 S indicate a wide scatter in values from 
+20.1 to +35.3~ CDT (Figure 23; Table 3) that are 
inconsistent with precipitation from Ordovician seawater, 
which should be approximately +26 to +29~ CDT (Figure 23; 
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Figure 54.- Core photographs showing anhydrite 
cementation. (A) Patchy, vug-filling anhydrite (white area 
in left center of core) in dolomitized skeletal wackestone 
from the burrowed member. The patchy occurrence of vug-
filling anhydrite adjacent to completely open vuggy porosity 
is ubiquitous throughout the "C" zone (permit #-10137; 
10,892 ft; core diameter approximately 10 cm; up is to the 
left). (B) Vug-filling anhydrite in dolomitized skeletal 
mudstone from the burrowed member. Note how insoluble 
residue (black) lines vug walls and was followed by 
anhydrite cementation in the remaining vuggy porosity, 
suggesting anhydrite cementation after hydrocarbon migration 
in the mesogenetic zone (permit #-7087; 10,701 ft; core 





Claypool et al., 1980). The precipitation of anhydrite 
after oil migrated through mesogenetic vuggy porosity 
(Figure 54B), variation in sulfur isotopes, and 
inconsistency of sulfur isotopes with expected Ordovician 
seawater values suggest that vug-filling anhydrite has a 
late mesogenetic origin. 
Chemical Compaction Structures 
Stylolites and dissolution seams are common to abundant 
in the laminated and the burrowed members (Figure 55). All 
stylolites and dissolution seams observed were horizontal 
and generally have amplitudes ranging from a few hundred 
microns to a centimeter. These structures are generally 
composed of concentrations of insoluble residue, but some 
stylolites also display concentrations of pyrite (Figure 
47). Stylolites and dissolution seams are known to form in 
the mesogenetic zone as a result of chemical compaction 
(dissolution) resulting from lithostatic pressure (Wanless, 
1979; Tucker and Wright, 1990, p. 358). 
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Figure 55.- Core photographs showing chemical 
compaction structures. (A) Stylolite separating dolomitized 
skeletal mudstone (above) and dolomitized skeletal 
wackestone (below) from the burrowed member (permit #-10617; 
10,706.5 ft; core diameter approximately 7.6 cm; up is to 
the left). (B) Stylolites in laminated, very fine- to fine-
grained dolostone, laminated member. Note how vertical 
fractures near the top of the core are truncated by a 
stylolite (permit #10156; 11,191 ft; core diameter 





Geometry of Dolomitized Bodies 
Because many previous students of dolomite reservoirs 
in the Red River Formation have commented on the significant 
lateral variation in the geometry of dolomitized bodies over 
relatively short distances (Kendall, 1976; Kohm and Louden, 
1978; Longman et al., 1983; Courtright, 1987; Longman et al, 
1992), all compensated-neutron/formation density curves 
available in the study area were examined in order to 
characterize apparent geometries of dolomitized bodies in 
the "C" zone. Dolostone is easily recognized on such logs 
by a positive separation between neutron- and density-
porosity curves (neutron-porosity values greater than 
density-porosity values) ranging from approximately 8 to 14 
porosity units (Longman et al., 1983; Rider, 1986, p. 120). 
The degree of separation is an indication of the amount or 
"purity" of dolostone; pure dolostone (nearly 100% dolomite) 
has a large positive separation of approximately 14 porosity 
units, whereas dolomitized limestones have correspondingly 
smaller positive separations below approximately eight 
porosity units, decreasing in relation to the amount of 
dolomite present. 
Examination of geophysical logs revealed that many of 
the log signatures in dolomitized sections of the "C" zone 
were similar in appearance. Wells with similar log patterns 
were grouped together. The end result of this process was 
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the identification of four basic log patterns (Figures 56-
59). These empirically-derived log patterns are 
differentiated on the basis of relative vertical continuity 
of dolomitization from the laminated member down through the 
burrowed member and are called continuous (Figure 56), 
continuous-short (Figure 57), weakly-separated (Figure 58), 
and strongly-separated (Figure 59). The continuous log 
pattern represents vertically-uninterrupted dolostone that 
extends well into the burrowed member, while the continuous-
short log pattern represents dolomitization of the laminated 
member that does not extend into the burrowed member. A 
weakly-separated dolomitization pattern is differentiated 
from a strongly-separated pattern by the presence of< 5 ft 
of limestone or dolomitic limestone between dolostone beds, 
while a strongly-separated pattern consists of> 5 ft of 
limestone or dolomitic limestone between dolostone beds. 
Dolomitic limestone is defined by a positive separation of< 
5 porosity units. Although minor variations from these 
basic log patterns exist in some wells, these variations are 
always less pronounced than the overall similarity to one of 
the four basic log patterns. 
After identification of basic log patterns, a map was 
prepared showing the distribution of dolostone throughout 
the study area (Figure 60). Two fundamentally different 
portions of the study area are evident: (1) a uniform area 
of continuous dolomitization in approximately the eastern 
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Figure 56.- Geophysical log showing continuous pattern 
of dolostone distribution. Nearly 100% dolomite is 
indicated by a positive separation (neutron porosity> 
density porosity) of approximately 14 porosity units. Depth 
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Figure 57.- Geophysical log showing continuous-short 
pattern of dolostone distribution. Dolostone is generally 
limited to the laminated member except for thin beds in the 
burrowed member as indicated by areas of positive separation 
{neutron porosity> density porosity). Depth is measured 
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Figure 58.- Geophysical log showing weakly-separated 
pattern of dolostone distribution. Note the large decrease 
in positive separation (neutron porosity> density porosity) 
from 11,181-11,186 ft which indicates poorly-dolomitized 
limestone. Depth is measured from kelly bushing elevation 
of 2,338 ft (~=porosity). 
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Figure 59.- Geophysical log showing strongly-separated 
pattern of dolostone distribution. Note the interval from 
10,886 to 10,913 ft in which values of neutron and density 
porosity are close (weak separation), indicating limestone 
and poorly-dolomitized limestone lithologies. Depth is 
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Figure 60.- Distribution of dolostone throughout the 
study area based on compensated-neutron/density log patterns 
(Figures 56-59). Note the pronounced uniformity of 
continuous dolomitization in the eastern one-third of the 
county, and highly variable dolomitization in the western 
two-thirds of the county. 
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half of the county, and (2) an area of highly variable 
dolomitization in the western two-thirds of the county as 
indicated by the presence of all four dolomitization 
patterns. This difference suggests the existence of a major 
depositional or diagenetic boundary in the study area. 
Dolomitization Models 
Several dolomitization models have been proposed for 
dolostones in the Red River Formation. Some disagreement 
exists regarding the actual mechanism of dolomitization, 
primarily due to the locally variable geometries encountered 
over short lateral distances or to different interpretations 
regarding depositional environments (Kohm and Louden, 1978; 
Kendall, 1984; Longman et al., 1984) Clement, 1985; Ruzyla 
and Friedman, 1985). Many models are based on some 
variation of brine reflux (Adams and Rhodes, 1960) that 
resulted in nearly penecontemporaneous dolomitization. Some 
of these studies have favored sabkha reflux dolomitization 
(Dow, 1971; Asquith et al., 1978; Carroll, 1978; Wallace, 
1979; Wittstrom and Chimney, 1980; Ruzyla and Friedman, 
1985), while others have promoted fracture controlled reflux 
dolomitization (Kohm and Louden, 1978, 1988; Longman et al., 
1983; Kendall, 1984). Other dolomitization models that have 
been proposed include mixing zone dolomitization (Derby and 
Kilpatrick, 1985) and burial dolomitization controlled by 
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regional hydrodynamic flow (Kendall, 1976). Differences in 
interpretations may be due in part to actual differences in 
dolomitization mechanisms between the various study areas. 
Most workers admitted that problems exist with some aspects 
of their interpretations, and all have little or no 
geochemical data to support their interpretations. 
The large variety of dolomite textures, specifically 
the presence of both planar and nonplanar dolomite, 
suggests that several episodes of dolomitization have 
affected the "C" zone in the study area, or that dolomite 
from a single dolomitization event has been differentially 
neomorphosed or recrystallized (Appendix C). Mazzullo 
(1992) outlined four criteria that together form substantial 
evidence of neomorphic or geochemical alteration of 
preexisting dolomite: (1) stoichiometric composition with 
ordering reflections, (2) nonplanar and coarse-planar 
textures, ( 3) depleted 0180 and depleated Na and Sr 
concentrations relative to analogous, preexisting phases of 
Holocene dolomite (e.g. hypersaline, mixing-zone), and (4) 
uniform or homogenous cathodoluminescence. Dolomite which 
conforms to several of these criteria has most likely 
experienced significant neomorphic alteration. "C" 
laminated- and burrowed-member dolostones conform to most of 
these criteria including homogenous cathodoluminescence 
(Figure 61) with the possible exception of depleted Na 
concentrations (Na data were not available) and depleted 
210 
Figure 61.- Photomicrographs showing homogenous 
dolostone cathodoluminescence . (A) Uniform orange-red 
luminescence in very-fine- to fine-grained dolostone from 
the laminated member. This photomicrograph is the 
cathodoluminescent counterpart for Figure 9A (permit#-
10769; 10,520 ft; field of view= 2.4 mm). (B) · Uniform 
orange-red luminescence in partially dolomitized skeletal 
mudstone from the burrowed member. This photomicrograph is 
the cathodoluminescent counterpart for Figure 44B (permit#-





~>1 80. 6180 for "C" laminated-member dolostones range from -
7.76~ to -5.77~ (Table 2) which fall within or near 
published estimates of oxygen isotopic composition of 
Ordovician seawater (Figure 15). This suggests that 6180 
values are not depleted relative to Ordovician seawater. 
However, evaporation of seawater leads to enrichment of 180 
in the resulting brine (approximately 4~ for a brine 
concentrated to a salinity of approximately 150~; Lloyd, 
1966). If laminated-member dolomites formed in hypersaline 
brines associated with concentration of waters in the 
Williston basin, they may have had initial 6180 values 
several per mil higher than they presently have. Neomorphic 
alteration may have subsequently lowered 6180 to present 
values, which are compatible with estimates of Ordovician 
marine values. If this hypothesis is correct, 6180 values 
would be depleted relative to Ordovician evaporative 
dolomite. Furthermore, 6180 values are clearly depleted 
relative to Holocene evaporative dolomites, which have 6180 
values generally between +1.5 to +5.0~ (Mazzullo, 1992). 
Regardless of whether or not 0180 is depleted, consideration 
of other geochemical and petrographic data strongly suggests 
that at least some, if not most, "C" zone dolomite was 
neomorphosed. The presence of nonplanar dolomite in the "C" 
zone could also be due to variations in the supersaturation 
level of the dolomitizing medium (Sibley and Gregg, 1987). 
In addition, if interpretations regarding the origin of 
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planar dolomite in the "C" zone are correct, the presence of 
planar varieties of dolomite indicates that considerable 
quantities of dolomite attributable to an initial 
penecontemporaneous dolomitization event have survived. All 
of these considerations suggest that several episodes of 
dolomitization have occurred, or that one major episode of 
dolomitization (represented by eogenetic, planar dolomite) 
has been differentially neomorphosed or recrystallized. 
Consideration of the subaqueous interpretation of 
depositional environments for the laminated member along 
with the similarity of carbon and oxygen stable isotope data 
with estimates for Ordovician seawater (Figure 15) suggest 
that the initial phase of penecontemporaneous dolomitization 
formed by reflux dolomitization by seawater (if 6180 
reflects the original composition of the early-formed 
dolomite) and/or seawater-derived brines (if 6180 reflects 
the composition of a neomorphic phase of evaporative 
dolomite). Support for this interpretation exists in the 
uniformity of 613C trends through the laminated member 
(Figures 19 and 21), which indicates that dolomitization was 
regional. Widespread trends should be more easily 
achievable in more uniform environments, such as a large 
restricted bay, than in more highly variable environments, 
such as a sabkha. That 013C was not affected by later 
diagenesis whereas 6180 may have been affected is likely as 
the temperature effect (due to burial) is much greater for 
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oxygen than carbon (Veizer and Hoefs, 1976). In addition, 
the occurrence of fractures only in dolostones in 
association with dewatering of gypsum to anhydrite suggests 
that these beds were dolomitized early, as gypsum dewatering 
occurs at relatively shallow depths (Sonnenfeld, 1984, 
p. 335; Hovorka, 1992). 
Assuming that submarine dolomitization in the "C" zone 
is the correct interpretation, consideration of regional 
basin bathymetry may provide insight into the distribution 
of dolostone. Figure 60 clearly shows the relatively 
uniform dolomitization (continuous log pattern) 
characteristic of the southeastern one-third of the study 
area. The boundary of the area of continuous dolomitization 
could be interpreted as a generally circular trend 
subparallel to the circular area of the central basin region 
(Figure 1). If the basin was developed bathymetrically at 
that time, a regional slope would have existed into the 
center of the basin. Increasingly evaporative conditions 
would result in the formation of evaporative brines which 
would be denser than associated seawater (Sonnenfeld, 1984, 
p. 42; Logan, 1987). These dense brines would flow 
downslope toward the center of the basin, and also would 
displace connate fluids in the sediments below (Figure 62). 
If this process continued for a length of time (Figure 63), 
carbonates in the central-basin areas would be continuously 
bathed in brines more concentrated than the brines around 
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Figure 62.- Diagram illustrating inferred migration of 
evaporative brines and associated dolomitization early in 
the development of restriction in the Williston basin (c.f. 
Figure 63). Denser, evaporative brines migrate downslope 
and locally reflux into subjacent carbonate sediments of the 
burrowed member (1), displacing connate fluids and 
dolomitizing the sediments. The densest brines accumulate 
in the central portion of the basin, which results in 
regionally extensive, vertically continuous dolomitization. 
The location of the boundary between variable and extensive 
areas of dolomitization (defined by the dense brine/seawater 
boundary; dashed line and jagged line) varies depending on 
the degree of restriction of the basin (amount of 
evaporative brines produced) and basin volume. The inferred 
relative position of the area of study is indicated. No 
vertical or horizontal scale is implied. 
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Figure 63.- Diagram illustrating continued migration 
of evaporative brines and associated dolomitization 
throughout deposition of the laminated (2) and anhydrite (3) 
members following local dolomitization of the burrowed 
member (l; Figure 62). Note the migration of the central-
basinal area of extensive dolomitization upslope (to the 
northwest) due to the progressive restriction of the basin. 
The general prominence of evaporitic conditions results in 
widespread, shallow reflux dolomitization with localized 
areas of deeper reflux upslope (region of variable 
dolomitization). Complete dolomitization of the laminated 
member in the area of study supports the interpretation of 
widespread, shallow, reflux dolomitization. The inferred 
relative position of the study area is indicated. No 
vertical or horizontal scale is implied . 
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the periphery of the basin. Ultimately, the densest brines 
would preferentially collect in the central basin area, and, 
due to their higher density, would penetrate farther into 
the subjacent carbonate sediments and dolomitize them to a 
greater degree than the carbonate sediments in more 
peripheral areas. Therefore, the difference in dolostone 
distribution between the southeastern and northwestern parts 
of the study area is interpreted to represent a dynamic 
boundary between more-concentrated (denser) brines near the 
center of the basin and less-concentrated brines in more 
distal portions of the basin (Figures 62 and 63). The 
location of the boundary between extensive dolomitization 
(southeast) and variable dolomitization (northwest) would 
likely vary in relation to basin volume (tectonic control) 
and volume of dense brine in the basin (climatic control). 
The variable nature of dolostone distribution in the 
northwestern part of the study area could have been 
controlled by bathymetric variations that controlled 
accumulation (localization) of brines. However, because the 
present distribution of dolostone in the northwest does not 
appear to coincide with depositional thick or thin areas as 
shown by isopach maps of the anhydrite and laminated members 
(Figures 7 and 10), or with possible paleostructural highs 
such as the Daneville field (see "Hydrocarbon Exploration"), 
this is unlikely. Nevertheless, differential dolomitization 
in the northwest is interpreted as being due to local 
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variation in the density and supersaturation state of 
seawater and associated brines. The mechanism(s) which 
controlled the distribution of dolomitizing seawater and/or 
brines in the northwest remain unclear. However, mixing of 
dense brines with seawater as the brines flowed downslope 
toward the basin center might cause such local variation 
(Figures 62 and 63). 
Although syndepositional reflux dolomitization is 
thought to be the major penecontemporaneous dolomitization 
mechanism of importance in these rocks, a different 
dolomitization mechanism may have controlled differential 
dolomitization of mottled carbonates in the burrowed 
member. Kendall (1976, 1977) attributed this preferential 
dolomitization of burrows to increased permeability in the 
mottles caused by bioturbation, which allowed dense, Mg-rich 
brines to flow down through the mottles and preferentially 
dolomitize them. He cited as evidence for his 
interpretation the presence of a second generation of 
smaller burrows within the larger burrow mottles (Kendall, 
1977). These smaller burrows were interpreted as being 
present in larger burrows because the surrounding non-
burrowed sediment had been partially lithified making it too 
hard for burrowing organisms. Therefore, burrow mottles 
were dolomitized penecontemporaneously by Mg-rich fluids 
that took advantage of the relatively high permeability of 
the burrow mottles. 
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Recently, a connection has been made between dolomite 
that occurs in organic-rich sediments and the geochemical 
conditions necessary for precipitation of dolomite in marine 
environments (Baker and Kastner, 1981; Baker and Burns, 
1985; Compton, 1988; Slaughter and Hill, 1991). The 
"organogenic dolomite model" (Compton, 1988) has been 
developed to explain the occurrence of dolomite in such 
sediments. In this model, dolomite precipitation is favored 
in conditions of high alkalinity and low dissolved sulfate 
concentration because high dissolved sulfate concentrations 
can apparently inhibit the precipitation of dolomite (Baker 
and Kastner, 1981). Anaerobic environments are 
characterized by high concentrations of organic material 
which promotes bacterial sulfate reduction, methanogenesis, 
and fermentation. These processes lower dissolved sulfate 
concentration of the interstitial waters through the 
production of H2S, and also increase alkalinity. Therefore, 
anaerobic environments where sulfate reduction, 
methanogenesis, or fermentation are occurring should 
encourage the precipitation of dolomite. 
Conditions similar to those reported as conducive to 
the precipitation of organogenic dolomite appear to have 
existed during deposition of the "C" zone. The presence of 
pyrite throughout the "C" zone as well as relatively heavy 
034 S values for some vug-filling anhydrites (Table 3) 
suggest that sulfate reduction occurred (Claypool et al., 
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1980; Faure, 1986, p. 524). In addition, the burrowed 
member in general is organic-rich, and wastes of the 
organisms that formed the burrows almost certainly resulted 
in burrows initially rich in organics. The occurrence of 
the second generation of burrows may simply be due to the 
survival strategy of a subsequent organism (feeding on the 
wastes), and does not necessarily imply that the non-
burrowed portions of the mottled area were impermeable 
(Kendall, 1977). Therefore, dolomitization in the mottled 
areas may be the result of organogenic dolomitization. 
Irwin et al. (1977) demonstrated the usefulness of carbon 
and oxygen stable isotopes in differentiating between 
sulphate reduction, methanogenesis, and fermentation 
processes. Further study of the burrow mottles might 
involve isotopic analyses of burrow-mottled dolomites, as 
such data might more clearly indicate if organogenic 
dolomitization did indeed occur. 
In summary, highly variable dolomite textures suggest 
that multiple episodes of dolomitization have occurred. At 
least four episodes are inferred: (1) Penecontemporaneous 
reflux dolomitization by seawater and/or seawater-derived 
brines appears to have been the most prominent 
dolomitization event, and is probably reflected in the 
distribution of dolostone and the presence of planar 
textures. (2) Neomorphic alteration of dolomite has been 
very prominent as attested to by stoichiometric dolomite 
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compositions, the presence of nonplanar dolomites, depleted 
Sr concentrations (range= 32 to 68 ppm) and depleted 6180 
(range= -7.76 to -5.77~) relative to Holocene dolomites, 
and homogenous cathodoluminescence. (3) Organogenic 
dolomitization probably was important in the burrowed member 
in burrow mottles and may have allowed for more extensive 
dolomitization of burrow mottles. (4) Mesogenetic 
dolomitization is volumetrically minor but common in the 
form of nonplanar-cement dolomite (saddle dolomite) and 
coarse, planar-cement dolomite. 
Proposed Paragenetic Sequence 
The interpreted relative order of diagenetic events 
through the history of the "C" zone of the Red River 
Formation in the study area is summarized in Table 7. 
Diagenetic events are broadly classified into three general 
categories, or diagenetic stages: eogenetic (early 
diagenesis), early mesogenetic (intermediate diagenesis), or 
late mesogenetic (late diagenesis). The boundaries between 
these main stages are highly gradational. Specific 
diagenetic events listed first in a stage are interpreted to 
have occurred relatively early in that stage compared to 
events listed subsequently, and those listed last are 
interpreted to have occurred late in that stage. However, 
some uncertainty exists regarding the timing of some 
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TABLE 7: PROPOSED PARAGENETIC SEQUENCE FOR THE 
"C" ZONE, RED RIVER FORMATION, DIVIDE COUNTY, NORTH DAKOTA 
Eogenetic Stage (early diagenesis) 
sulfate reduction (formation of pyrite) 
degradation of organic matter· 
sediment compaction 
formation of argillaceous nodules 
penecontemporaneous dolomitization 
replacement of matrix? (crystallotopic anhydrite) 
replacement of grains? (anhydritization) 
dissolution of aragonite grains 
recrystallization/neomorphism of grains 
recrystallization/neomorphism of lime mud matrix 
recrystallization/neomorphism of dolomite 
Early Mesogenetic Stage (intermediate diagenesis) 
sulfate reduction (formation of pyrite) 
degradation of organic matter 
sediment compaction 
replacement of matrix? (crystallotopic anhydrite) 
replacement of grains? (anhydritization) 
recrystallization/neomorphism of lime mud matrix 
recrystallization/neomorphism of dolomite 
replacement of nodules (anhydrite after carbonate) 
dewatering of gypsum to anhydrite 
vertical fractures 
Late Mesogenetic Stage (late diagenesis) 
vertical fractures 
organic matter maturation 
hydrocarbon migration 
dissolution of calcite/dolomite grains 
matrix dissolution - formation of vuggy porosity 
dolomite cementation 
anhydrite cementation 
matrix dissolution - stylolitization 
replacement of grains (silica) 
Bold type indicates diagenetic events that are important 
to porosity preservation, destruction, or formation. 
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diagenetic events. Therefore, the order of events should 
not be interpreted as an absolute order of occurrence. Some 
diagenetic events (e.g., sediment compaction and vertical 
fractures) occur in more than one diagenetic stage. These 
events are listed separately in each stage of occurrence. 
If the timing of a particular event in the context of a 
diagenetic stage is uncertain, the event is followed by a 
question mark. Diagenetic events that are important to 
porosity preservation, destruction, or development have been 
highlighted in Table 7. 
Eogenetic diagenesis was dominated by 
penecontemporaneous dolomitization by reflux of seawater 
and/or seawater-derived brines. This process formed most of 
the intercrystalline porosity, but also occluded porosity in 
the southeastern part of the study area towards the center 
of the basin where dolomitization was more intense (Figures 
36-39). Sediment compaction was also a major porosity 
occluding event. Some moldic porosity formed from 
dissolution of aragonitic skeletal grains. Grain, matrix, 
and dolomite recrystallization probably became more 
prominent near the end of eogenetic diagenesis. Minor 
diagenetic events in the eogenetic stage included sulfate 
reduction (formation of pyrite) and associated degradation 
of organic matter, the formation of argillaceous nodules, 
and replacement of carbonate matrix and grains by anhydrite. 
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Many diagenetic processes that were initiated in the 
eogenetic zone carry over into early mesogenetic diagenesis 
as well (Table 7). Examples of such processes include 
sulfate reduction, degradation of organic matter, sediment 
compaction, anhydrite replacing matrix and grains, and 
recrystallization and/or neomorphism of lime mud and 
eogenetic dolomite. Processes that are interpreted to have 
been initiated during early mesogenetic diagenesis include 
the replacement of nodules and the dewatering of gypsum to 
anhydrite, which led to the formation of vertical fractures 
in the laminated member. With the exception of fracture 
porosity associated with the dewatering of gypsum, this 
diagenetic stage was largely a porosity-occluding stage. 
Late mesogenetic diagenesis, which continues today, is 
largely characterized by diagenetic processes that are 
unique to this stage. The maturation of organic matter 
began long before this stage, but passed through the oil 
generation window during late mesogenetic diagenesis. 
During this stage, hydrocarbons and subsurface brines 
undergo extensive migration, which is largely controlled by 
hydrodynamic pressure gradients (Dahlberg, 1982, p. 8). The 
continued maturation of organic matter and subsequent 
hydrocarbon migration are the most significant diagenetic 
events of this stage for porosity formation because CO2 -
charged fluids are produced and transported (Schmidt and 
McDonald, 1979). These fluids are interpreted to have 
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resulted in the development of secondary vuggy porosity and 
some moldic porosity in the laminated member and 
particularly in the burrowed member (Appendix B). Other 
diagenetic events during late mesogenetic diagenesis of less 
importance to porosity evolution in the "C" zone include the 
formation of fracture porosity and the destruction of 
porosity by minor dolomite and anhydrite cementation. 
Chemical compaction features (stylolites and dissolution 
seams) are common in both limestone and dolostone in the "C" 
zone and may indicate considerable dissolution of carbonate 
rock, suggesting the possibility of widespread subsurface 
cementation. However, coarse calcite or dolomite spar is 
relatively rare in the "C" zone. 
HYDROCARBON EXPLORATION 
Production Statistics 
Cumulative oil production data through 1991 for all 
fields which have produced from the Red River Formation in 
Divide County are shown in Figure 64. Some wells produce 
gas in addition to oil. However, because these wells are in 
the minority, and gas production records are not readily 
available, gas production is not included in Figure 64. 
These production figures can be considered as representative 
of "C" zone production because only two wells in Divide 
County produced hydrocarbons from the "A" and/or "B" zones. 
Cumulative production figures range from a low of 731 
barrels of oil (Upland field) to a high of 667,201 barrels 
(Fortuna field) of oil. Out of the 14 fields that have 
produced hydrocarbons, six were still producing from the Red 
River Formation at the end of 1991: Fortuna, Big Dipper, 
Daneville, Skjermo, Blooming Prairie, and Paulson fields. 
All of these fields are in northwestern Divide County. Most 
of the fields contain one to three wells, with a maximum of 
five wells (Daneville field). Examination of production by 
field reveals that generally the southeastern half of the 
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Figure 64.- Cumulative oil production data for fields 
producing from the Red River Formation in the study area. 
Oil production data for Stoneview field includes production 
from Divide County wells only (additional Red River 
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county is characterized by extremely poor production, while 
the northwestern half of the county can be characterized as 
having variable production, with some poor areas (Gooseneck 
and Clinton fields) and some good areas (Fortuna, Big 
Dipper, Daneville, and Skjermo fields; Figure 64). 
Trapping Mechanisms 
Figure 65 reveals the present-day structural 
configuration on top of the Red River Formation in the study 
area. Two closed or nearly-closed anticlinal structures are 
present (e.g. T161N R103W and T162N RlOlW), as well as 
several anticlinal and synclinal noses (e.g. T161N R95W and 
T163N R97W). Examination of oil field locations reveals 
that some fields appear to be structurally controlled 
because they occur on or near structural highs, while others 
appear to be stratigraphically controlled, as they cannot be 
correlated with structural highs. Examples of structurally-
trapped fields include Fortuna, Daneville, and Paulson 
fields. Examples of stratigraphically-trapped fields 
include Skjermo, Big Dipper, and Candak fields. 
Stratigraphic traps appear to occur as updip porosity 
pinchouts or permeability barriers. 
Another type of trap, a hydrodynamic trap, which may or 
may not be stratigraphic, may also be of importance. Poor 
production on structural highs with significant closure 
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Figure 65.- Map showing structural contours for the top 
of the Red River Formation in the study area. 
_, 
STRUCTURAL CONTOURS 
TOP OF THE RED RIVER 
FORMATION 
Jon S. Fox 
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(> 100 ft), along with the more basinal location of the 
southeastern half of the county, suggests that hydrodynamic 
flow may have flushed these structures of most or all of 
their hydrocarbons (Dahlberg, 1982, p. 35). If these 
structures have been flushed by basinal fluids moving in an 
updip direction (to the northwest), hydrodynamic traps may 
exist in the northwestern part of the county. Hydrodynamic 
traps are formed where oil isopotential surfaces (surfaces 
of equal potential energy of oil) impinge up against a 
lithologic or a fluid barrier. Hydrodynamic traps can be 
caused by permeability variations, or changes in the 
character of subsurface flow regimes, namely hydrodynamic 
versus hydrostatic conditions (Dahlberg, 1982, p. 25). 
Hydrodynamic evaluation of the "C" zone in the study area 
would confirm or refute the existence of areas of low and/or 
high potential energy, which are the driving forces of 
subsurface flow and, thus, necessary for the existence of 
hydrodynamic traps. 
Trace element data from the "C" laminated member offer 
some support to the contention that subsurface brines have 
affected the oil potential in the northwestern part of the 
county. The mean concentrations of Fe and Mn of five 
dolostone samples from northwestern Divide County are 1,660 
and 90 ppm respectively, while mean concentrations of Fe and 
Mn for five dolostone samples from southeastern Divide 
County are 602 and 51 ppm, respectively (Figure 26; 
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Table 4). The elevated levels of Fe and Mn in the 
northwestern part of the county suggest that this area has 
been invaded by brines that were probably derived from 
mesogenetic environments (Land, 1980; Shukla, 1988). The 
lower Fe and Mn levels in the southeastern part of the 
county suggest that the more intense, eogenetic 
dolomitization that affected that area decreased 
permeability and, as a result, the degree of openness of the 
formation to later diagenesis (Tucker and Wright, 1990, p. 
297). This resulted in dolomite in the northwest being 
enriched in Fe and Mn relative to dolomite in the southeast, 
because subsurface, Fe and Mn-rich fluids were able to flow 
more easily in the northwest than in the southeast. 
Prospective Area 
Based on considerations of porosity distribution, 
dolomitization patterns, and geographic location of the best 
producing fields, the study area was divided into two 
regions for the purpose of conveying the exploration 
potential of the "C" zone: 1) a "prospective" area of 
variable character in the northwestern half of the county, 
and 2) a "non-prospective" area of uniformly-poor character 
in the southeastern half of the county (Figure 66). 
Uniformly-poor conditions as revealed by available data in 
the southeast suggest that wells drilled to the "C" zone in 
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Figure 66.- "Prospective" and "non-prospective" areas 
for exploration of the "C" zone in the study area. 
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this part of Divide County are likely to be completed as dry 
holes or uneconomic producers. Conversely, locally good 
porosity, the potential for hydrodynamic traps, and proven 
good production in both the laminated and burrowed members 
in the northwest suggest that the "C" zone in this part of 
Divide County is worthy of the drill bit, if data from other 
sources such as seismic and hydrodynamic analysis concur. 
CONCLUSIONS 
Lithologic, geometric, and geochemical data strongly 
suggest that the entire "C" zone in the study area was 
deposited subtidally in an increasingly evaporative 
environment. This has profound implications regarding 
subsequent diagenetic events, particularly on porosity 
evolution and models of dolomitization. 
Porosity development and distribution in the "C" zone 
is complex and variable and is related to several unique 
diagenetic events, not simply to dolomitization. The 
complexity of pore geometries should be considered when 
evaluating geophysical logs for hydrocarbon versus water 
saturations (Asquith, 1985, p. 1). Most porosity is 
secondary, although some "primary" porosity still exists, 
mostly as intercrystalline porosity. Intercrystalline and 
vuggy porosity are most common, with lesser amounts of (in 
decreasing abundance) moldic, fracture, intraparticle, 
interparticle, and channel porosity. Intercrystalline and 
interparticle porosity are interpreted as porosity that has 
been preserved in the initial sediments through the process 
of dolomitization. The actual spatial location of pores may 
have changed during the dolomitization process, but the 
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overall volume of porosity remained relatively constant. 
Differential compaction of dolostone and limestone due to 
the greater hardness of dolomite compared to calcite reduced 
porosity in undolomit ~zed carbonates and allowed dolomitized 
carbonates to partially resist compaction. Most vuggy, 
channel, and moldic porosity in the "C" zone are interpreted 
to represent late diagenetic dissolution by subsurface 
fluids derived from the degradation of organic matter and 
the resultant production of CO2 • Small amounts of moldic 
porosity may be due to relatively early dissolution of 
metastable aragonite and possibly Mg-calcite by 
undersaturated fluids, because both aragonite and Mg-calcite 
are less stable than calcite in eogenetic environments. 
Macroscopically, vuggy porosity appears to be fabric 
selective, occurring dominantly in undolomitized or 
partially-dolomitized portions of burrow-mottled carbonates. 
However, vuggy porosity is observed in thin sections in 
dolomitized burrow mottles. Fracture porosity in the 
laminated member was initially developed in association with 
the dewatering of gypsum to anhydrite, and also developed 
later in dolostones throughout the "C" zone in response to 
increased lithostatic loads from relatively deep burial. 
Other porosity-modifying events include the eogenetic and 
mesogenetic recrystallization or neomorphism of aragonite, 
Mg-calcite, and calcite in micrite matrix, late mesogenetic 
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anhydrite cementation in vuggy porosity, and late 
mesogenetic chemical compaction, expressed as stylolites 
and dissolution seams. 
Dolomitization patterns are complex and somewhat 
variable in the study area. Two fundamentally different 
regions of dolomitization were identified on the basis of 
overall geometry of dolomite distribution: 1) a uniformly 
dolomitized region in the southeastern half of the county, 
and 2) an area characterized by highly variable 
dolomitization patterns in the northwestern half of the 
county. Highly variable dolomite textures as revealed by 
petrographic analysis indicate that several dolomitization 
events occurred. Vertical dolostone distribution was 
largely controlled by the local extent of 
penecontemporaneous reflux dolomitization by seawater and/or 
seawater-derived brines. Lateral dolostone distribution on 
a regional scale was largely controlled by regional 
paleobathymetry as brines migrated toward and collected in 
the basin center, allowing more extensive reflux 
dolomitization near the basin center. Eogenetic dolostones 
were subsequently modified by recrystallization and/or 
neomorphism, although strong geochemical trends 
(particularly 013C trends) suggest that a significant 
component of their initial isotopic signature has been 
retained. Preferential dolomitization of previously 
organic-rich, burrow-mottled areas may be a result of 
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organogenic dolomitization. Late saddle dolomite is present 
as pore-filling cement and as a matrix replacement, but is 
volumetrically minor. 
Comparison of the location of producing fields with 
structural contours on top of the Red River Formation 
indicates that both structural and stratigraphic traps are 
important in. the study area. Poor or no production on 
structures with considerable relief in the southeastern half 
of the county is related to low porosities and associated 
permeabilities, and also suggests that these structures may 
have been flushed of hydrocarbons by basinal fluids 
migrating updip. If true, this suggests that hydrodynamic 
traps may exist in the northwestern half of the county, 
which is characterized by highly variable production. 
Hydrodynamic analysis should precede any future exploration 
efforts for "C" zone reservoirs in the north-central 
Williston Basin. Based on the available data collected for 
this study and on considerations of porosity distribution, 
dolomitization patterns, and location of producing fields, 
Divide County can be divided into a northwestern 
"prospective" area where exploration for "C" zone reservoirs 
should be concentrated, and a "non-prospective" area in the 
southeastern half of the county where the "C" zone is 
considered to be uneconomic. This trend should extend into 
adjacent counties. 
APPENDIX A: LIST OF WELLS USED IN STUDY 
Perrnit # Location* Well Name Operator 
548 160-98-11 #1 0. Gunderson Pure Oil Co. 
1443 162-96-6 #1 Jacobson Dakamont 
Exploration Corp. 
* 1546 162-101-34 #1 Johnson Kerr-McGee Oil 
Estate Co./Argo Oil Co. 
* 2010 163-102-7 #1 D. Moore Carter Oil Co. 
4423 162-101-26 #1 o. Raaum Pan American 
Petroleum Corp. 
4825 162-101-34 #1 Johnson Trend Exploration, 
Ltd. 
4837 160-100-12 #1 R. Hagen Miami Oil Prod. 
Inc., et al. 
5009 160-96-35 #1 C. Myhre Consolidated Oil 
and Gas, Inc. 
5135 161-95-29 #1 Fenster Ashland Oil and 
Refining Co. 
5192 160-95-3 #1 A. Ericson H. L. Hunt 
5246 161-95-5 #1 w. Tanberg Shell Oil Co. 
5248 160-98-10 #1 Rodgers Oil Development 
Co. of Texas 
5989 164-95-31 #1 Keba Oil w. A. Moncrief 
and Gas 
* - Locations listed as township-range-section. 

















































#1 0. Raaum 
#1 Nelson 
#1 G. Andersen 
#1 H. Johnson 
#1 State-Rindel 
#1 Andersen 





#1 State Comm. 
#1 Kjelshus 
#1 L. Rosten 
#1 State 
#1 G. Fischer 
#1 Bakke 
#1 G. Raaum 
#1 Riveland 
#1 State 
w. H. Hunt Trust 
Tipperary Oil and 
Gas Corp. 
Southland Royalty 
w. H. Hunt Trust 
Mosbacher Prod./ 
Pruet Oil Co. 
Patrick Petroleum 
Shell Oil Co. 
Mosbacher Prod./ 
Pruet Oil Co. 
Mosbacher Prod./ 
Pruet Oil Co. 
Shell Oil Co. 
Terra Resources 
Keldon Oil Co. 
Patrick Petroleum 
Tenneco Oil Co. 
Home Petroleum 
Corp. 
w. H. Hunt Trust 
Tenneco Oil Co. 




Tenneco Oil Co. 
Patrick Petroleum 
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8707 161-95-25 #2 Kjelshus Home Petroleum 
Corp. 
8721 163-101-19 #1 Wehrman Tenneco Oil Co. 
8888 161-98-30 #1 G. Hall Lear Petroleum 
8901 160-102-27 #1 Storseth Nucorp Energy 
9020 163-99-26 #2 Windfaldet Conoco, Inc. 
9061 160-99-17 #1 I. Mork Mosbacher Prod. 
9083 161-99-11 #1 Kvigne Lear Petroleum 
9274 161-98-10 #1 R. Hall Lear Petroleum 
9398 163-101-16 #1 State Conoco, Inc. 
* 9413 163-98-16 #1 C. Haugland Texaco, Inc. 
9446 162-102-1 #1 Reistad Tenneco Oil Co. 
9472 162-95-29 #14 Federal Land Stone Petroleum 
Bank 
9528 163-102-20 #1 Moore Conoco, Inc. 
9566 163-98-22 #1 Unhjem Texaco, Inc. 
9588 162-100-3 #1 Dahl Louisiana Land and 
Exploration Co. 
9608 163-101-19 #1 L. Haugen Louisiana Land and 
Exploration Co. 
* 9622 163-98-10 #1 Hagen-State Texaco, Inc. 
9628 163-98-15 #1 Christianson Texaco, Inc. 
9661 163-98-21 #2 C. Haugland Texaco, Inc. 
* 9677 164-98-33 #1 R. Hanson Texaco, Inc. 
9761 163-102-18 #2 Moore Conoco, Inc. 
9903 163-99-23 #1 Ness Louisiana Land and 
Exploration Co. 
* 9907 164-98-32 #1 M. Kostek Texaco, Inc. 
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• 9913 163-97-11 #1 Gin Han Texaco, Inc. 
Partnership 
• 9918 164-97-33 #1 Landstrom Texaco, Inc. 
9942 161-98-36 #5 Wildrose Getty Oil Co. 
• 10096 163-101-33 #1 Legaard Louisiana Land and 
Exploration Co. 
10126 161-102-30 #1 Andersen HNG Oil Co. 
State 
• 10137 163-99-23 #1 Almos Louisiana Land and 
Exploration Co. 
10141 163-97-2 #1 Points-Kostek Texaco, Inc. 
• 10156 161-102-29 #1 Wittmayer Transco 
Exploration Co. 
10230 163-99-24 #1 Borgen Louisiana Land and 
Exploration Co. 
10301 163-99-15 #1 Torgenson Louisiana Land and 
Exploration Co. 
* 10311 163-99-3 #1 F. Gregory Texaco, Inc. 
10348 161-102-30 #2 Andersen HNG Oil Co. 
State 
10353 163-101-32 #1 Constantine Louisiana Land and 
Exploration Co. 
10390 160-98-14 #1 Germany Louisiana Land and 
Exploration Co. 
10401 161-99-8 #1 Johnson Solar Petroleum 
10402 161-96-36 #1 Glasoe Donald C. Slawson 
10415 163-102-28 #1 Gjesdal Conoco, Inc. 
10521 161-97-30 #1 Texaco-Redlin Fulton Prod. Co. 
10523 163-101-18 #1 Leininger Louisiana Land and 
Exploration Co. 
* 10565 164-97-34 #1 N. Anderson Texaco, Inc. 
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10586 161-101-29 #1 Blue Rock Getty Oil Co. 
10599 160-98-3 #1 Sigvaldson Sun Exploration 
and Prod. Co. 
10607 162-102-25 #1 Norris Transco 
Exploration Co. 
* 10617 163-102-29 #1 Pederson Conoco, Inc. 
* 10624 163-102-9 #3 Drawbond Conoco, Inc. 
* 10625 163-102-27 #2 Drawbond Conoco, Inc. 
10759 162-96-34 #1 T. Montgomery Sun Exploration 
and Prod. Co. 
* 10769 164-102-33 #4 Tangedal Conoco, Inc. 
* 10787 163-102-24 #1 Wehrman Louisiana Land and 
Exploration Co. 
10798 161-98-32 #1 Hall-State Gulf Oil 
Exploration/Prod. 
* 10818 163-100-31 #5 Halvorson Conoco, Inc. 
10830 163-99-8 #1 Thornie Louisiana Land and 
Exploration Co. 
* 10864 163-102-27 #1 Drawbond Conoco, Inc. 
10865 163-102-21 #1 Wiser Conoco, Inc. 
* 10866 163-102-16 #1 State Conoco, Inc. 
10869 162-101-4 #1 Hagen Louisiana Land and 
Exploration Co. 
10906 163-96-27 #1 A. Heide Texaco, Inc. 
10927 163-100-6 #1 State Louisiana Land and 
Exploration Co. 
10928 163-100-30 #1 Ahab Louisiana Land and 
Exploration Co. 
10929 163-102-35 #1 State-Hanson Conoco, Inc. 
10981 160-96-3 #3 Pederson Superior Oil Co. 
11005 163-101-27 #1 Leininger Conoco, Inc. 
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11006 163-100-35 #1 Moe Conoco, Inc. 
11007 162-95-17 #1 Rouse-Wilson Conoco, Inc. 
11015 162-95-7 #1 Smithberg Comdisco 
Exploration, Inc. 
11067 162-102-36 #1 Meyer Transco 
Exploration Co . 
• 11114 163-102-25 #1 Brockrnier Louisiana Land and 
Exploration Co. 
11167 163-102-13 #1 Wehrman Sun Exploration 
and Prod. Co. 
11172 163-102-5 #5 Nierengarten BWAB, Inc . 
11173 164-99-35 #1 Moen Louisiana Land and 
Exploration Co. 
11235 163-95-7 #1 C. Kostek Texaco, Inc. 
11262 163-'101-16 #1 Oakmont-State Sun Exploration 
and Prod. Co. 
11272 163-101-35 #1 State-Wigness Louisiana Land and 
Exploration Co. 
11284 163-99-18 #1 Pederson Louisiana Land and 
Exploration Co . 
• 11301 163-100-30 #1 Mosser Louisiana Land and 
Exploration Co . 
• 11302 163-100-21 #2 Mosser Louisiana Land and 
Exploration Co . 
• 11381 163-101-25 #1 Susan Louisiana Land and 
Exploration Co. 
11480 160-96-28 #1 Evenson-Fee Diamond Shamrock 
Exploration Co. 
11692 162-99-9 #1 Grundstad Adobe Oil and Gas 
Corp. 
12002 163-96-35 #1 P. Rosenquist Texaco, Inc. 










APPENDIX B: CORE/THIN SECTION DESCRIPTIONS 
Cores and thin sections are described graphically. The 
interval cored for each well is indicated, along with any 
log adjustment up or down that was needed to match core and 
log depths. Cores are described in permit number order, 
with well name, location, and operator indicated. Standard 
petrographic thin sections were examined at depths indicated 
by dots. Areas of core which had> 10% neutron porosity are 
shaded. Porosity type, % dolomite, and% anhydrite refer to 
thin sections only. All percentages are visual estimates. 
Lithologic terms follow the classifications of Dunham (1962) 
for carbonate rocks and Maiklem et al. (1969) for anhydrite. 
Porosity terms are abbreviated according to Choquette and 
Pray (1970) and are listed in order of relative abundance. 
Observations from both core and thin section description are 
abbreviated as listed below. Abbreviations in the center of 
columns refer to the entire interval in which they occur. 
All other abbreviations are specific to a certain depth. 
LITHOLOGY AND OBSERVATIONS 
A - aphanocrystalline 
AF - aligned-felted 
AN - anhydrite 
AS - algal stromatolite 
), - bioclastic 
B - burrowed 
BM - bedded-massive 
C - coarse-grained 
CA - crystallotopic 
anhydrite 
CB - contorted-bedded 
CVF - closed vertical 
fractures 
D - dolostone 
(> 95% dolomite) 
DMOS - distorted-mosaic 
!CI}. - echinoderm 
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F - fine-grained 
FA - fracture-filling 
anhydrite 
FD - fracture-filling 
dolomite 
FT - felted 
GP - gypsum pseudomorphs 
K - insoluble residue 
(kerogen?, > 5%) 
L - laminated 
M - mudstone 
Ma - dolomitic mudstone 
(< 50% dolomite) 
M0 - dolomitized mudstone 
(50-95% dolomite) 
MA - massive 
MED - medium-grained 
MOS - mosaic 
N - nodules (argillaceous, 
dolomitic) 
NA - nodules (anhydritic) 
OVF - open vertical 
fractures 
P - pyrite 
PE - peloids 
RA - replacement anhydrite 
251 
RC - rugose coral 
SG - "structure grumeleuse" 
SI - silica 
ST - stylolite(s) 
T - trace 
V - visible vuggy porosity 
in cores 
VA - void-filling anhydrite 
VC - void-filling calcite 
VD - void-filling dolomite 
VF - very-fine grained 
W - wackestone 
Wa - dolomitic wackestone 
W0 - dolomitized wackestone 
WL - wavy lamination 
POROSITY TYPES 
BC - intercrystalline 
BP - interparticle 
CH - channel 
FR - fracture 
MO - moldic 
VUG - vuggy 
WP - intraparticle 
J.S.Fox #6798 CORED INTERVAL - 11182 ' - 11292' 
# I-STATE RINDEL 
Tl62N - R96W - SEC 16 
K. B. -2141° SHELL OIL CO. LOG ADJUSTMENT - 8 ' UP 
z GAMMA RAY IO%NEUTRON POROSITY o;o O/o DEPTH :c 0 ( API UNITS) 'fl 












ANeM L . 
11230 • DA-VF BM,AF 10 90 CA,L 












I ) V,VA ST V 11280 },M/W0 B I ST 
11290 OVF,K 
11300 





CORED INTERVAL - 10664 '- 10756' 
#I -SVANGSTU 
T 163N-R95W-SEC 18 
K. B. - 1918' SHELL OIL CO. LOG ADJUSTMENT-NONE 
z 
z~ GAMMA RAY 10°/0 NEUTRON POROSITY O/o % 
DEPTH - ... LITHOLOGY OBSERVATIONS :cu 0 ( API UNITS) 30 POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... 
"' :,0 60 
10660 >(_ A1NMOs • BM,AF 5 93 
I 0670- • : c:=:: CVF,OVF,CA,ST FR 98 I 
DF 
ST L 
• K,ST BC 93 ST 
10680 
K ~ • K BC 93 B 
• ~A,CA,B BC,VUG 95 I 
10690 )-Mo ST B .. 
I • VA BC,BP 90 I 
VD 
10700- • CVF,RA,VA . VUG,BC,FR 90 2 
• ~~,CVF,ST BC,VUG,.O,FR 93 I 
ST,N 
B 
10710 • ),M/Wo K,VA VUG,BC, FR 75 2 




• ~;"o"./t.cvF FR,BC 90 I 





• ) &F,CVF,N,FA VUG,FR,BC 90 2 ST 
10750 ),Mo e ST,V 
• ST,K,VO VUG,BC 90 
ST • K ,OVF,sT,VA,VO VUG,BC,FR 90 T 
10760-




J.S. Fox #9413 CORED INTERVAL - 10800 -10830' 
.ti I - C. HAUGLAND 
T 163N-R98W-SECl6 
K. B . - 2072' TEXACO, INC. LOG ADJUSTMENT - 6' DOWN 
z 
z!:! GAMMA RAY 100/oNEUTRON POROSITY % % 
DEPTH -,- LITHOLOGY OBSERVATIONS :cc., 0 (APIUNITS) ~ POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... 




I OF L BC 88 • K 10810- ST • K,CA,VA,w,RA.51 VUG,MO 25 2 ST 
>-.Md K L 
ST 
10820- • CA,NA,ST BC 5 45 
L,NA m 
• },M/Wd ST BP 15 B,WL 
10830- • CA,ST K BC,BP .. 15 T 
. 
10840-




J.S.Fox #9622 CORED INTERVAL- 10677 ' - 10710' 
# I - A. HAGEN STATE 
T 163N -R98W-SEC 10 
K.B . -1983° TEXACO, INC. LOG ADJUSTMENT - NONE 
z 
z~ GAMMA RAY IO%NEUTRON POROSITY % % 
DEPTH -,- LITHOLOGY OBSERVATIONS :cu 0 (APIUNITS) 30 POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... 
"' 30 60 
10670-
• CA,ST 80 I 10680- • K,CVF,OVF BC 85 I • ),Mo K, VO,VA,ST I 
BC,VUG, MO 75 I • ; L BC,WP,VUG,MO 85 • I ,VD,VA, ST, N VUG,BC,MO 85 T 
10690 • B,ST VUG, BC 90 • V K,VO,VA,V VUG,BP, BC 85 I 
I ~;~~v~f,vo VUG,8P,FR,BC 60 3 VUG, BC 78 6 • V,ST i VUG ,BC 75 10700 • ),Mo V,P BC 50 V,N B • VA,OVF,Fll,Fl>,N FR,BC 90 I I • K,CVF,NA,FA,N BC,VUG 85 2 • ST, N PZ,I BC,8P .. 80 10710 ST,N 
. 
10720 




J.S.Fox #9677 CORED INTERVAL - 105 93 ' - 10622 ' 
#1-R.HANSON 
Tl64N- R98W- SEC 33 
K. B. - 1980° 
TEXACO, INC. LOG ADJUSTMENT - 35 ' DOWN 
z 
z~ GAIIIIIIA RAY 10%NEUTRON POROSITY % % 
DEPTH - .... LITHOLOGY OBSERVATIONS "'u 0 (APIUNITS) 30 POROSITY TYPE OOLOIIIITE ANHYDRITE (f'EET) ....... .,, 
30 60 
10590 -
• ~CA,OVF' MO 97 2 
• ~i~"P~OVF',ST MO 97 2 I BC B5 T 10600- K,ST, VA ~g 87 2 • 
DvF-F 
K,CA,ST 89 4 
• K,WL L 
I 
BC 90 
• K,ST BC 92 • K,PE BC 87 • ~,CVF,FA,111 ,VO BC 80 10610- • VUG , BC,MO 90 T • WLPIF,FJ. \IIVO VUG, BC,FR 85 3 
DA· F K.Jia:T d,il,L VUG,BC,1110 BO 2 I ~ vo'1.iEAFA, 
~g:t.98,1110 
50 • K' ' 60 
10620- • }, M/W0 WL,ST B, L BC 96 T 
• K l?J BC .. 95 
10630 . 




J.S.Fox #9907 CORED INTERVAL - 10504 ' - 10526' 
# 1-M. KOSTEK 
Tl64 N-R98W-SEC 32 
K.B . -1992' 
TEXACO, INC. LOG ADJUSTMENT- 14 ' UP 
z 
z!? GAMMA RAY 100/oNEUTRON POROSITY % % 
DEPTH - ... LITHOLOGY OBSERVATIONS "'u 0 (APIUNITS) ~ POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... .,, 
30 60 
10500 
I 4NoM.rR ~:!: ~ §~ • ~~t 8 91 
10510 §~~ST 
VF 
• ~FA,FD,GP FR 97 2 
DA-F r L • ~~vBT VUG, BC 95 2 WL, ,GP,CA,VA 
10520 ST 
;;::,. VA 
> ~tF • ~,ST 95 10530 .. 




J.S. Fox #9913 CORED INTERVAL - 10574'- 10634 ' 
#1- GIN HAN PARTNERSHIP 
Tl63N-R97W - SEC II 
K.B . - 1935' 
TEXACO, INC . 
LOG ADJUSTMENT-NONE 
z 
z~ GAMMA RAY 100/oNEUTRON POROSITY % % 
DEPTH - ... LITHOLOGY OBSERVATIONS Xu 0 ( API UNITS) 30 TYPE DOLOMITE ANHYORITE (FEET) ...... POROSITY 
"' 30 60 
10570 





10580 • OVF BC,VUG,FR BO T ., ~l,.WL,V,CVF, VA 
I 
VA • Mo .K,OVF,WL BC,FR 75 T 
10590-




VUG,BC 86 2 
10600- • },M/W0 B,V BC 98 VA 
ST 
• K,YA,V BC,VUG,CH 78 T 
ST 
10610- • },M/Wd ~~ B BC,VUG 40 • BC 43 T • Md CV~WL,RA BC,FR 30 T • K,WL,RA,8 . BC 55 I 
ST 
10620 ST 
• K,ST,CVF MO 18 wd AS B • ) K,ST,P,RA MO,BC 70 2 
10630- ST 
• ST,RC K,ST,RA MO, BC 40 I 
10640 




J.S.Fox #9918 CORED INTERVAL - I 0725'- I 0785' 
# I - P. LANDSTROM 
Tl64N- R97W-SEC 33 
K.B. - 1938' 
TEXACO, INC. LOG ADJUSTMENT - NONE 
z 
z!? GAMMA RAY 100/oNEUTRON POROSITY % % 
DEPTH - ... LITHOLOGY OBSERVATIONS "'u 0 (APIUNITS) :,0 POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... 
"' :,0 60 
10720 





• I ST WP,BC 30 
ST,RC 
10740 \ ST 
• WL WP 55 
I ST 
10750 I 
},M/Wd ST,N B .. 
• OVF,ST,RA FR 70 T 
10760 • i,-WL.CA,VA,N ST 65 I 
• I N . FR,WP 65 T WL,OVF,P, RA 
10770 ST 
ST 
• WL,ST,RA, K WP 60 I 
10780 j ST 








J.S.Fox # 10096 COREO INTERVAL- 10847 '- 10892' 
# I - LEGAARD 
T 163N- RIOIW- SEC 33 
K.8 . - 2184° 
LOUISIANA LANO and EXPLORATION CO. 
LOG ADJUSTMENT - NONE 
z 
z!? GAMMA RAY 10%NEUTRON POROSITY % % 
DEPTH - .... LITHOLOGY 08SERVATIONS Xo 0 (APIUNITS) 3P POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ....... 
"' :,0 60 
10840-
I g:,sT L 90 10 n .. _ 10850- L MO 95 4 
ANe11 
L,AF,WL 5 93 
MISSING 
• WL,f 5 94 10860- • ANce &t.rr"•ST,GP, P fR 95 3 
• 8 ~tA,ovf,ST, FA S ,OVf fR 93 4 
DvF- F ST L 10870- • a,~T BC 88 2 
K 
ST 
• PE,L,CA;VA BC,BP 92 I .. N 
10880- },M/W0 
8,WL,K,V 
• K,VO,VA VUG,BC,MO 30 T 
• VA,ST . MO,WP, BC 80 ST,RA,VA I 
}.Md 
ST B,WL,K,V 10890- ST • SG,OVf,CVF BC,MO,FR 23 
10900 




J.S.Fox # 10137 CORED INTERVAL - 10851 ' - 10905' 
-#I-ALMOS 
Tl63N-R99W-SEC 23 
K.B. - 2150' 
LOUISIANA LAND and EXPLORATION CO. 
LOG ADJUSTMENT - 9 ' UP 
z 
z!:! GAMMA RAY IO%NEUTRON POROSITY % % DEPTH -,- LITHOLOGY OBSERVATIONS :Xu 0 (APIUNITS) POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... ., 
,0 60 
10840 
10850 • F,P 98 MOS 
ST 
DvF-F 
OVF M, CA 
10860 OVF • ~Vf.~tB VUG,MO 90 4 • ),Mo "PE,WLPfA, MO,FR,VUG 92 2 L 
10870 . tFACVF,ST MO,FR,BC 95 T • OVF,FA,RA,ST,V WP, BC, FR ,MOY 85 
~Mo 
V,VA B,WL 
ST • SG,VD,8,ST, V VUG,MO,BC 90 
10880 OVF,ST 
~ .. t • SG,r:NF,CVF,sr: MO,FR,BC 85 • ST VUG,MO,BC,WP 90 • ST VUG, MO,BC,WP 85 ~;t,r B 10890 
I 
. 
• ~,M/Wo K,ST,V,VA VI.JG ,BP, MO,CH 75 v,"' 
• {\,. VUG,CH,MO,BC 75 10900 ~,'NT,VO,V • s+,v~N,V BC 91 T N,V, A 
• VO BC,VUG,CH, MO 91 
10910 N 
C1> 
Figure 76 . - Core/thin section descriptions for 1he # I Almos well. 
J. S.Fox #101~6 COREO INTERVAL- 11185-11283' 
#1-WITTMAYER 
Tl61N- R 102 W-SEC29 
K. B. - 2080° TRANSCO EXPLORATION CO. LOG ADJUSTMENT - NONE 
z 
z~ GAMMA RAY 10°/o NEUTRON POROSITY % % 
DEPTH - ... LITHOLOGY OBSERVATIONS :c.., 0 (AP~UNITS) 30 POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... .,, 
30 60 
11180-
• OVF FR 94 • DvF-F GP, ST, P FR 90 8 11190- L,CA, ST 
• GP,ST,P,OVF,CVF FR 94 2 
• L,ST,OVF VUG,MO,BC,WP 76 T 
11200-
),M/WD 
• ST VUG,WP,BC,MO 70 3 L,WL,B,V 




• SG,P,VA VUG,BC, ~ .P,MO 82 I 
) 








• K,Ov1;CVF,P VUG, BC,FR 60 
11250-






• .. K,VA,P BC,VUG,FR 71 I 11270-
I ST 
} VA 
11280- I • } K,P BC 13 
I 
11290· 




J.S.Fox #10311 CORED INTERVAL- 10666'-10728' 
# I- F . GREGORY 
T 163N-R99W- SEC3 




z2 GAMMA RAY 10°/o NEUTRON POROSITY % % DEPTH - ... LITHOLOGY OBSERVATIONS "u 0 (API UNITS) 3P POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... 
"' :,0 60 
10660 




• OVF,ST,V VUG,WP 63 
VA,ST,V 
I 10680- • ),WD VD,RA,V 8 VUG,WP 63 2 ST,OVF,V • ST,V,N VUG,WP ~D,ST,N 83 N 10690- OVI' B,ST 
)..Mo N N • VO,ST WP 93 
~W~RA,!T 
.. 
10700 I ,\M/WD VUG 78 ,S B CHVUG I~ ~lll,W,R.t ~&8:~~MO f 
• },Mo K,L,OVF,FD,P . BC,FR 79 
10710 
V,ST,VA 
• ST VUG 90 • CVF,FA:;T,OVF VUG 90 
~T 
),M/Wo V 78 • VD,RA,V VUG,WP,BC I 10720 VA,V 




Figure 78 . - Core/thin section descriptions for the # I F. Gregory well. 
J.S.Fox # 10565 CORED INTERVAL -1052 1' -10581 ' 
# 1 ·- N. ANDERSON 
T164N, R97W-SEC 34 
K . 8 . -1925' 
TEXACO, INC. LOG ADJUSTMENT- 13DOWN 
z 
z!:! GAMMA RAY IO%NEUTRON POROSITY % % 
DEPTH -,- LITHOI.OGY OBSERVATIONS :Co 0 (API UNITS) 3!' POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ..... 
"' :,0 60 
10510-
10520- • K ,CVF, F01 CA,VA BC 88 8 
DF-M ~T L 





• K1VA, VO,ST, V BP,VUG,WP 65 I 
10540- ST,V 
• )..M/Wd WL,ST BC, VUG 40 ST 8,V,N 
~ 
},Mo ST BC 85 
10550- • B ST .. OVF 




• ST,RA,NA BC 87 I ST 
~11 ~ 
v'vA ST 
10570- • ~t~~~~·ft.s 90 5 • BC,FR 94 T ... 
},Mo V,VA,ST B 
V,ST 
10580- • ~:JVA,V BC 93 I 
10590 
Figure 79. - Core/thin section descriptions for the # I N. Anderson well . 
J.S. Fox #10617 COREO INTERVAL - 106~1'- 10712' 
-# I- PEDERSON 
T163N-R102W-SEC 29 
K.B. - 20!!9' CONOCO, INC . LOG AOJUSTMENT - 8' UP 
z 
z2 GAMMA RAY 100/oNEUTRON POROSITY % % 
DEPTH - .. LITHOLOGY OBSERVATIONS "u 0 ( API UNITS) 30 POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ..... 
"' 30 60 
10650-
ANBM-DMOS WL 
! L,CW,F~CA~P BC 17 80 10660 nvF L,FO~ ,G ,P FR 97 I L,F, ,CA,P !I 93 







• get,~';- BC 97 I 
10680-
OVF,K 
BC .. 97 • L,ST,K 
• ~{Jt;,CVF, FA,FO MO,FR 78 T ST,WL 
10690 ST I 
. 
K 




10700- • VD,ST,ST VUG,MO,BC 20 ST,VA 
I ST 10710 I N BP, BC,VI..G,WP 30 • K,VA,IIO,SI,sr;WI I ' (<D.Pd) 
10720- I 




J.S.Fox #10624 CORED INTERVAL - 10533' - 10586' 
#3 - DRAWBOND 
Tl63N- RI02W-SEC 9 
K.8 . - 2168 ' 
CONOCO, INC. 
LOG ADJUSTMENT - NONE 
z 
z2 GAMMA RAY 10%NEUTRON POROSITY % % DEPTH -,- LITHOLOGY OBSERVATIONS "u 0 ( API UNITS) 30 (FEET) ...... POROSITY TYPE DOLOMITE ANHYDRITE ... 
30 60 
10530-
• ANce WL,AF, P 5 93 WL 
• ) &~ CA,CVF, FA,S1 FR 96 10540· OVF,CAM P 3 
• DVF-F ST,CA ~;~'lST 95 3 
CA 
10550· .• t<,CA,GP, P,L BC 84 2 
• ST OF ST BC 96 ST L,K 
10560· • WL,K K,L,ST,CA,OVF BC,WG,FR 80 T .. • SG,VA VUG,MO 87 I }..Mo VA B,K • ~ST,VA,RA,VD VUG,MO,WP 78 2 
10570- ),M/Wo V ~ 8,WL,K . I • i(, ,WL ,VD, V VUG, BC,MO 72 V,ST 
VA,ST 
10580- • K,OVF,GP,'A,S~SI VUG,BC,MO, FR 33 2 ).M/Wd \lll,ST e,v 
• GP,V,K,ST VUG,M0,8C,WP 
• ~~.iA,K VUG,BC,MO 13 
10590- ) 




J.S.Fox #10769 CORED INTERVAL- I 0497 ' - 10557' 
# 4 - TANGEDAL 
Tl64N- Rl02W-SEC 33 
K. B. - 2238' CONOCO, INC. LOG ADJUSTMENT - NONE 
z 
z!:! GAMMA RAY IO%NEUTRON POROSITY % % DEPTH - ... LITHOLOGY OBSERVATIONS :Cu 0 (API UNITS) 3fl POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ...... 
"' 30 60 
10490-
• FT 3 96 
10500- • FT,WLwL 4 94 • FT,CA 27 72 WL 
• CVF,FA,GP, P ST 89 10 
10510- • OVF,GP,P ~ 
FR 97 2 
ST 




~ • WL,ST BC 98 ST,B 
ST,WL 
I 
.. • ST CH,BC 97 





10540- • I ST,Sl,K M01VUG 1CH, BC 70 ~ ST,VA ,K 
• I ),Wd VC,ST,K BC 35 ST B,V ~ 10550- • K,ST,VA,K 
~ 
BC ,VUG, FR 28 
VA,K 
• I OVF,ST,K FR,MO,BC 80 
10560-
\ 




J.S.Fox #10787 COREO INTERVAL - 10680- 10826' 
#I -WEHRMAN 
TI 63N-R 102W- SEC 24 
K. B. - 2141' LOUISIANA LAND and EXPLORATION CO. LOG AOJUSTMENT- 25 ' DOWN 
z 
z~ GAMMA RAY 100/oNEUTRON POROSITY % O/o 




ANeu-ce WL • ~~lA,AF 5 95 
WL,OVF 
10690- • GP,ST,P,OVF FR 96 2 
DA-F 
OVF L,CA 
• CA,P,ST BC 88 3 






10710 • DvF-F K,L,B,\a,ST,B 8C ~ 7 WL,K,B .. 
• ~ST,WL,K,B M0,8P 35 
WL 
10720 
WL,ST . j WL,ST,OVF 
• WL,K BC,MO 13 ) ST,WL,K 
10730 
• I VA,SI ,ST,CM; FA BC,VUG,MO,FR 6 2 ) VA 
10740- ) ST WL,Sf,K 
j 
10750- I B 



















• VD MO,BC 23 T I 













J.S. Fox # 11381 - COREO INTERVAL- I 103S'- 11072' 
# I-SUSAN 
Tl63N-R IOIW -SEC 25 
K .B. -2272° 
LOUISIANA LAND and EXPLORATION CO. 
LOG AOJUSTMENT- 2' UP 
z 
z2 GAMMA RAY 100/oNEUTRON POROSITY % O/o 
DEPTH - .... LITHOLOGY OBSERVATIONS x., 0 (APIUNITS) 'fl POROSITY TYPE DOLOMITE ANHYDRITE (FEET) ....... ., 
30 60 
11030-
• k,VO,\A,V BC,VUG,BP 70 I 
11040- • ),Mo ~,ST B,K BC es ~ • K,VO,ST,V VUG,BC so V 
11050-
V B,V,VA 
• ) },M/W0 K,WL,RA,V BC,VUG,MO 7S T K,ST,VA 
11060 I V • ) K,WL,ST,V BC 3S • VA,V BC 90 VD,V • VD \Ul ,BC .. 80 
),Mo V B,V 
11070- I ~AWL • BC, VUG es T . 
I 
11080-




APPENDIX C: DOLOMITE PETROGRAPHY 
This appendix lists the various dolomite textures 
observed in thin sections examined in this study. The data 
are listed by well in ascending permit number order and 
include thin section depth (core depth in feet) and dolomite 
texture (in decreasing abundance to the right) along with 
visual estimates of the grain-size range for each texture 
observed. All grain sizes are in microns (µm). At the end 
of the data listing for each thin section, a number in 
parentheses indicates from which member of the "C" zone the 
thin section was taken: (1) = "C" anhydrite member; (2) = 
"C" laminated member; (3) = "C" burrowed member. Dolomite 
textural terms are after Sibley and Gregg (1987) and 


























NP-A, < 4µm (1) 
none (1) 
none (1) 
NP-A, < lOµm (1) 
NP-A, < lOµm (1) 
NP-A, < lOµm (1) 
NP-A, 10-30µm; P-C, 10-30µm (2) 
NP-A, 15-35µm (2) 
NP-A, 15-45µm (2) 
NP-A, 40-80µm; NP-A, 10-20µm (2) 
NP-A, 60-90µm; P-E, 60-90µm (3) 
NP-A, 30-SOµm; P-S, 60-80µm; 










































NP-A, 20-60µm (3) 
NP-A, 40-60µm; NP-A, 80-120µm; 
P-C, 80-120µm (3) 
NP-A, 30-60µm; P-S, 30-60µm; 
P-C, 60-250µm (3) 
NP-A, 30-60µm; P-C, 100-lSOµm 
( 3) 
NP-A, 30-60µm; P-C, 30-60µm (3) 
NP-A, 20-40µm; P-C, 60-80µm (3) 
NP-A, 40-60µm; P-C, 100-300µm 
( 3) 
NP-A, 40-60µm; P-C, 100-300µm 
( 3) 
NP-A, 20-40µm; P-P, 20-40µm (2) 
P-P, 40-60µm; NP-A, < lOµm; P-P, 
100-300µm (3) 
P-P, 40-60µm (3) 
P-P, 30-60µm; NP-A, <4µm (3) 
P-P, 40-60µm (3) 
NP-A, 25-35µm; NP-A, < 4µm; P-P, 
10-20µm (2) 
NP-A, 15-25µm; P-E, 40-60µm (2) 
P-E, 15-30µm; P-C, 50-BOµm; NP-
A, 15-25µm (2) 
P-E, 50-lOOµm; P-S, 50-lOOµm (2) 
P-S, 40-60µm; P-C, 60-BOµm (2) 
P-S, 30-BOµm; P-P, 15-30µm (2) 
NP-A, 20-40µm; P-C, 800-lOOOµm; 
P-S, 50-lOOµm (2) 
NP-A, 20-40µm; P-C, 800-1200µm; 
P-C, 150-200µm (2) 
NP-A, 20-40µm; P-C, 60-BOµm (2) 
NP-A, 30-SOµm; P-P, 30-70µm (3) 
NP-A, 40-60µm; P-P, 50-70µm (3) 
P-S, 80-lOOµm; P-P, 10-90µm (3) 
NP-A, 30-SOµm; P-E, 65-85µm (3) 
NP-A, 30-SOµm; P-P, 30-SOµm (3) 
NP-A, 5-lSµm (2) 
NP-A, 5-20µm (2) 
P-S, 15-30µm (2) 
P-S, 20-40µm (2) 
P-E, 10-30µm; NP-A, 10-20µm (2) 
P-S, 15-30µm; P-E, 15-30µm (2) 
P-S, 25-45µm (2) 
P-S, 20-40µm (2) 




































NP-A, < lOµm; P-P, 15-30µm; P-C, 
50-70µm (2) 
NP-A, < 20µm; P-P, 50-70µm (2) 
NP-A, < lOµm; P-P, 10-20µm; P-S, 
100-200µm (2) 
P-S, 20-40µm; P-P, 50-70µm; P-C, 
40-BOµm (2) 
P-E, 40-60µm; P-P, 40-60µm;, NP-
A, 40-60µm (2) 
NP-A, 10-30µm; P-S, 40-60µm (2) 
NP-A, 20-40µm; P-S, 20-40µm (2) 
NP-A, < 4µm (1) 
NP-A, < lOµm (1) 
NP-A, < lOµm (1) 
NP-A, < lSµm; P-C, 10-lSµm (2) 
NP-A, 10-25µm; P-C, 20-40µm (2) 
NP-A, 40-BOµm; NP-A, < 4µm (2) 
NP-A, 30-BOµm; P-P, 10-30µm (3) 
NP-A, 10-30µm; P-E, 100-lSOµm; 
P-C, 100-lSOµm (3) 
NP-A, 30-60µm; P-E, 40-BOµm; P-
C, 40-60µm (3) 
NP-A, 40-BOµm; P-E, 50-90µm (3) 
NP-A, 30-60µm; P-C, 80-200µm (3) 
NP-A, 30-SOµm (3) 
P-E, 45-65µm; NP-A, 50-70µm; P-
C, 90-130µm (3) 
NP-A, 40-60µm; P-E, 60-90µm; P-
c, 150-200µm (3) 
NP-A, 40-60µm; P-E, 40-60µm; P-
S, 200-300µm (3) 
NP-A, 40-60µm; P-E, 40-60µm; NP-
C, 100-lOOOµm (3) 
NP-A, 30-60µm; P-E, 30-60µm; P-
S, 70-lOOµm (3) 
NP-A, 40-BOµm; P-P, 20-40µm; P-
E, 40-SOµm; P-C, 50-lOOµm (3) 
P-E, 40-BOµm; P-P, 20-40µm (3) 
NP-A, 40-SOµm; P-P, 20-40µm (3) 
P-P, 15-70µm; NP - A, < lOµm; NP-
A, 20-40µm; P-C, 50-70µm (3) 
P-P, 40-60µm; NP-A, 40-60µm; NP-
A, < 4µm; P-S, 125-lSOµm (3) 
NP-A, 25-45µm; P-P, 25-45µm (3) 
NP-A, 35-SSµm; P-P, 35-SSµm; P-
S, 35-lSOµm (3) 
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10,760 NP-A, 30-SOµm; P-P I 30-SOµm; P-
s, 30-BOµm ( 3) 
10,765 NP-A, 30-SOµm; P-P, 30-SOµm; P-
s, 30-BOµm ( 3) 
10,776 NP-A, 30-70µm; P-P, 30-SOµm ( 3) 
10,784.5 NP-A, 30-70µm; P-P, 30-SOµm ( 3) 
10096 10,847 NP-A, < lOµm ( 1) 
10,848.5 NP-A, < 20µm ( 1) 
10,850 NP-A, < 4µm ( 1) 
10,858 NP-A, < lOµm ( 1) 
10,860 NP-A, < 15µm; P-S, 20-25µm ( 2) 
10,864.5 NP-A, < lOµm; P-S, 20-30µm ( 2) 
10,870 NP-A, 20-30µm; P-E, 20-40µm (2) 
10,876 NP-A, 20-40µm; NP-A, < 4µm ( 2) 
10,882 NP-A, < lOµm; P-S, 35-75µm ( 2) 
10,886 NP-A, < lOµm; P-S, 10-40µm; NP-
A, 20-40µm ( 2) 
10,892 NP-A, 50-BOµm; P-S, 10-25µm ( 3) 
10137 10,851 none ( 1) 
10,860.5 NP-A, 10-30µm; NP-A, < 4µm ( 2) 
10,863.5 NP-A, 10-30µm; NP-A, < 4µm (2) 
10,869 NP-A, 10-30µm; NP-A, < 4µm ( 2) 
10,871.5 NP-A, < lOµm; NP-A, 20-40µm ( 2) 
10,877 NP-A, < lOµm; P-E, 15-SOµm; P-C, 
30-SOµm ( 2) 
10,883 NP-A, < 4µm; P-S, 30-70µm ( 2) 
10,885.5 NP-A, < lOµm; P-E, 50-70µm ( 3) 
10,888 NP-A, < lOµm; P-E, 50-70µm ( 3) 
10,892 NP-A, 20-30µm; NP-A, < lOµm; P-
E, 25-35µm ( 3) 
10,898 NP - A, 30-45µm; NP-A, < 15µm; P-
C, 200-300µm ( 3) 
10,901 NP-A, 15-35µm; NP-A, < lOµm ( 3) 
10,905 NP-A, < lOµm; NP-A, 20-40µm; P-
E, 40-70µm ( 3) 
10156 11,185 NP-A, < 4µm; NP-A, 10-lSµm ( 2) 
11,187 NP-A, < 4µm; NP-A, 10-20µm ( 2) 
11,192.5 NP-A, < 4µm; NP-A, 10-20µm ( 2) 
11,197 NP-A, < 4µm; NP-A, 15-30µm ( 2) 
11,202 NP-A, < 4µm; P-S, 20-30µm; NP-A, 
60-BOµm ( 2) 
11,208 NP-A, < 4µm; NP-A, 20-30µm; P-S, 
60-BOµm; P-C, 100-lSOµm ( 3) 
11,214.5 NP-A, < lOµm; NP-A, 20-40µm; P-
s, 20-40µm ( 3) 
11,222 NP-A, < lOµm; NP-A, 20-30µm ( 3) 
11,235.5 P-S, 50-70µm ( 3) 






































NP-A, 50-lOOµm; P-E, 30-40µm (3) 
NP-A, 50-lOOµm; P-E, 30-40µm; P-
C, 1200-1500µm (3) 
P-E, 40-70µm; NP-A, 40-70µm (3) 
NP-A, 20-40µm; NP-A, 60-BOµm (2) 
P-P, 20-40µm; NP-A, < lOµm (2) 
NP-A, < 4µm; P-S, 10-25µm; P-C, 
100-350µm (3) 
NP-A, < 4µm; P-P, 40-BOµm; P-C, 
80-lOOµm (3) 
NP-A, < 4µm; NP-A, 40-125µm; 
NP-A, 40-60µm; NP-A, < 4µm; P-C, 
70-lOOµm (3) 
NP-A, 25-40µm; NP-A, < lOµm (3) 
NP-A, < lOµm; NP-A, 20-60µm (3) 
NP-A, 40-BOµm; NP-A, < lOµm; P-
C, 100-lSOµm (3) 
P- S , 3 0 - 5 0 µm; P-C , 3 0 -.SO µm ( 3 ) 
NP-A, < 15µm; NP-A, 50-BOµm (3) 
NP-A, < 15µm; NP-A, 50-BOµm (3) 
NP-A, < 15µm; NP-A, 25-40µm; NP-
C, 300-lSOOµm (3) 
P-S, 10-20µm; NP-A, 60-lOOµm; P-
C, 60-BOµm (3) 
P-S, 10-20µm; NP-A, 60-lOOµm (3) 
NP-A, 40-70µm; NP-A, 15-30µm; P-
C, 40-70µm (3) 
NP-A, 50-lOOµm; P-E, 50-lOOµm; 
P-C, 50-70µm (2) 
P-S, 20-40µm (2) 
P-E, 20-50µm; P-S, 20-SOµm (2) 
NP-A, 30-SOµm; P-S, 40-BOµm (3) 
NP-A, 50-lOOµm; P-S, 50-200µm 
( 3) 
NP-A, 50-lOOµm; P-S, 50-150µm 
( 3) 
NP-A, 30-50µm; P-S, 50-150µm (3) 
NP-A, 20-40µm (3) 
NP-A, 5-lSµm; NP-A, 25-35µm; P-
C, 30-60µm (3) 
NP-A, < 4µm; NP-A, 40-60µm; P-S, 
80-lOOµm (3) 
NP-A, < 4µm (1) 
NP-A, < 20µm; P-C, 10-20µm (2) 
NP-A, < 4µm (2) 
















































NP-A, < lOµm; NP-A, 20-40µm (2) 
NP-A, 15-30µm; NP-A, < 4µm (2) 
NP-A, < 4µm; P-S, 30-50µm; P-C, 
30-50µm (2) 
NP-A, < 4µm; NP-A, 35-65µm (3) 
P-E, 20-50µm; NP-A, 20-50µm; 
P-C, 20-50µm (3) 
NP-A, < lOµm; P-S, 30-50µm (3) 
NP-A, < 4µm (1) 
NP-A, < lOµm (2) 
NP-A, < 25µm (2) 
NP-A, 20-40µm; P-E,20-40µm (2) 
NP-A, 20-30µm (2) 
NP-A, 20-30µm; P-S, 20-30µrn (2) 
NP-A, < lOµrn; P-E, 20-40µm (2) 
NP-A, < lOµm; P-E, 20-40µm (2) 
NP-A, 20-40µrn; P-E, 30-35µrn (3) 
P-E, 20-40µm; NP-A, 20-40µrn (3) 
NP-A, < lOµrn; NP-A, 25-45µm; P-
P, 25-45µrn; P-E, 25-45µm (3) 
P-S, 20-40µm; NP-P, 20-40µm (3) 
NP-A, < 4µrn (1) 
NP-A, < 4µrn (1) 
NP-A, < lOµrn (2) 
NP-A, < 12µrn; P-P, 20-40µrn (2) 
NP-A, < 4µm; P-P, <lOµm (2) 
NP-A, < lOµrn; P-C, 5-20µm (2) 
NP-A, < 12µrn; P-P, 15-20µrn (2) 
NP-A, < 15µrn; P-P, 5-15µm (2) 
NP-A, < 4µm; NP-P, 5-15µrn (3) 
P-P, 30-50µm; NP-A, 30-50µm (3) 
NP-A, 40-60µm; P-S, 80-lOOµrn (3) 
P-E, 20-40µm (3) 
NP-A, 50-70µm; P-P, 50-70µrn (3) 
NP-A, < 4µrn (1) 
NP-A, < lOµrn (2) 
NP-A, 15-40µm (2) 
NP-A, 25-50µrn; P-E, 60-90µrn (2) 
P-S, 20-40µrn; NP-A, 10-30µm (2) 
NP-A, 40-80µm; P-E, 40-80µm; P-
p, 40-BOµrn ( 2) 
NP-A, 10-80µrn; P-S, 20-40µrn (3) 
P-E, 30-75µrn (3) 
NP-A, 50-70µrn; P-S, 20-50µm; P-
C, 100-200µm (3) 
P-E, 40-70µrn; NP-A, 50-70µm (3) 
NP-A, 40-60µrn; P-E, 40-60µrn (3) 












NP-C, 100-200µm (3) 
NP-A, 30-SOµrn; P-S, 20-SOµrn (3) 
NP-A, 40-60µrn; P-E, 30-SOµm; P-
C, 100-2000µrn (3) 
NP-A, 30-60µrn; P-S, 30-60µm (3) 
NP-A, < 4µrn; P-P, 30-60µrn; NP-C, 
300-3500µrn (3) 
P-S, 30-60µrn; P-P, 80-lSOµrn; P-
S, 80-lOOµrn (3) 
P-E, 30-60µrn; NP-A, 30-60µm (3) 
NP-A, 60-90µrn; P-E, 10-60µm; NP-
C, 100-2000µrn (3) 
NP-A, 60-90µrn; P-E, 10-60µrn, NP-
C, 100-300µrn (3) 
NP-A, 40-70µrn; P-S, 20-40µm; P-
P, 100-200µrn (3) 
APPENDIX D: ESTIMATES OF BIOCLAST ABUNDANCE 
Visual estimates of the percentages (percent of total 
area) of various bioclast types are given in order to 
characterize the fauna and flora observed in thin sections. 
Wells and thin sections are listed in permit number order 
and depth from shallow to deep, respectively. At the end of 
the data for each thin section, a number in parentheses 
indicates which member of the "C" zone the thin section was 
taken: ( 1) = "C" anhydrite member, ( 2) = "C" laminated 
member, (3) = "C" burrowed member. Where an identification 
is uncertain, a question mark follows the identification. 
Skeletal grain types are abbreviated as follows. 
BIV - bivalves 
BRA - brachiopods 
BRY - bryozoans 
COR - corals 
CHLP - chlorophytes 
CP - cyanophytes 















ECH - echinoderms 
(undifferentiated) 
GAS - gastropods 
MOL - molluscs 
(undifferentiated) 
OST - ostracodes 
RP - rhodophytes 
STR - stromatoporoids 











10,683.5 barren ( 2) 
10,686.5 ECH, trace-2% ( 2) 




10,698.5 BRA, trace-1% ( 3) 
ECH, 1-2% 
10,702.5 CRI, trace-1% ( 3) 
ECH, 1-2% 
10,709 ECH, 5-9% ( 3) 
MOL, trace-1% 
10,715.5 ECH, 1-3% ( 3) 
MOL, trace 
10,723 ECH, 1-3% ( 3) 
10,726.5 ECH, 5-10% ( 3) 
10,744 ECH, 1-3% ( 3) 
10,752 ECH, 2-4% ( 3) 
10,756 ECH, 2-4% ( 3) 
9413 10,807 barren ( 2) 





10,820 barren ( 3) 












9622 10,677.5 ECH, trace-1% ( 2) 
OST? I trace-1% 
TRI, trace 
10,680 barren ( 2) 






10,683.5 BRY, 1-2% ( 2) 




10,686.5 BRY, trace-1% ( 2) 




10,689.5 ECH, trace ( 2) 
10,692.5 CRI, trace-1% ( 2) 
ECH, 5-10% 
10,695 CRI, trace-1% ( 2) 
ECH, 3-8% 
10,696 CRI, trace ( 2) 
ECH, 2-8% 
TRI, trace 





10,699.5 ECH, 1-5% ( 3) 
10,703.5 CRI, trace-1% ( 3) 
ECH, 1-3% 
OST, trace 
10,706.5 CRI, trace-1% ( 3) 
ECH, trace-1% 
10,709 barren ( 3) 
9677 10,593 barren { 2) 
10,596 • barren ( 2) 10,598 barren ( 2) 
10,599 barren ( 2) 
10,601 barren ( 2) 
10,602.5 barren ( 2) 
10,604.5 OST, trace ( 2) 
10,606 OST, trace ( 2) 
10,608 barren ( 2) 
10,609 MOL, trace-1% ( 2) 
OST, trace-1% 


























10,619.5 CRI, trace ( 2) 
ECH, trace-1% 
10,622 ECH, trace ( 2) 
9907 10,504 barren ( 1) 
10,504.5 barren ( 1) 
10,506 barren ( 1) 
10,513.5 barren ( 2) 
10,517.5 barren ( 2) 
10,525.5 barren ( 2) 







10,580 ECH, 2-4% ( 3) 
10,585.5 ECH, 1-2% ( 3) 
OST, trace-1% 
10,589.5 CRI, trace-1% ( 3) 
ECH, 2-5% 
10,594.5 BIV, 1-3% ( 3) 
CRI, trace-1% 
ECH, 3-5% 
10,598.5 barren ( 3) 
10,605.5 CRI, trace ( 3) 
ECH, 5-10% 













10,612.5 OST, 1-3% ( 3) 







































































































10096 10,847 barren ( 1) 
10,848.5 barren ( 1) 
10,850 barren ( 1) 
10,858 barren ( 1) 
10,860 barren ( 2) 
10,864.5 barren ( 2) 
10,870 barren ( 2) 
10,876 barren ( 2) 
10,882 OST, 1-2% (2) 
10,886 BRA, 1-2% ( 2) 
BRY, 1-2% 









10137 10,851 barren ( 1) 
10,860.5 OST, trace ( 2) 
10,863.5 OST, trace-1% ( 2) 
10,869 CP? I 2-3% ( 2) 
OST, trace-1% 




10,877 BRY, 1-2% ( 2) 
MOL, 2-3% 
OST, 2-3% 





















10,898 ECH, 1-2% ( 3) 
OST, 1-2% 
10,901 ECH, 1-2% ( 3) 
OST, trace-1% 
10,905 ECH, 1-2% ( 3) 
10156 11,185 barren ( 2) 
11,187 barren ( 2) 
11,192.5 barren ( 2) 
11,197 OST, 2-4% ( 2) 
11,202 OST, 5-8% ( 2) 












































































































10,705.5 BIV, trace-1% ( 3) 
ECH, trace-1% 
OST, trace-1% 









































10565 10,521 barren ( 2) 








10,542.5 ECH, 5-10% ( 3) 
10,548.5 barren ( 3) 
10,554.5 barren ( 3) 
10,562 CRI, trace-1% ( 3) 
ECH, 5-10% 
TRI, trace 










10,579 CRI, trace ( 3) 
ECH, 1-3% 
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10617 10,658 barren ( 1) 
10,659 barren ( 1) 
10,660.5 barren ( 2) 
10,662.5 barren ( 2) 
10,674 barren ( 2) 
10,680.5 barren ( 2) 
10,685 BRY, trace-1% ( 2) 
MOL, 2-3% 
OST, 3-4% 




















10624 10,533.5 barren ( 1) 
10,538.5 barren ( 2) 
10,543.5 barren ( 2) 
10,551 barren ( 2) 
10,554 barren ( 2) 
10,559.5 barren (2) 
10,564 BRY, trace ( 2) 
OST, 4-6% 






























10769 10,497 barren ( 1) 
10,499 barren (1) 
10,501 barren ( 2) 
10,506 barren ( 2) 
10,509 barren ( 2) 
10,514.5 OST, trace-1% ( 2) 
10,520 barren ( 2) 
10,526.5 barren ( 2) 





























10787 10,684 barren ( 1) 
10,689 barren ( 2) 
10,695 barren ( 2) 
10,700 barren ( 2) 
10,709.5 barren ( 2) 




























10,787 ECH, 2-3% ( 3) 




















11,041 ECH, trace-1% ( 3) 




















11,063 ECH, 1-2% ( 3) 
MOL, trace-1% 
OST, trace-1% 









APPENDIX E: STATISTICAL HYPOTHESIS TESTS 
Student's t Tests were conducted on sulfur stable 
isotope data and trace element data in order to assess 
whether or not certain population means could be shown to be 
statistically different. Bedded anhydrite data were 
compared to vug-filling anhydrites, while trace element data 
of individual elements (Fe, Mn, Sr, and Zn) were compared 
for two wells in different parts of the study area. The 
following procedures were used: 
1.) The statistical parameters mean, standard deviation, 
and variance were calculated for sulfur isotope data 
and for trace element data using the STAT Version 1.4 
software program (Davis, 1986). 
2.) Data groups (populations) were then tested for 
equivalency of variance as a prerequisite for testing 
for equivalency of means using the F test and the 
following null hypothesis (H0 ): 
where cr/ = variance of 
population x 
Reject Ho if Fcalc > Fa/2(Nl-l,N2-1) where 
Fa12<Nl-1.N2-i> = table F value, and 
a = significance 
Nl = number of observations 
population 1 




Sx2 = sample-based estimate of cr 2 
for population x 
3.) Depending on the results of variance testing, the null 
hypothesis (H0 :) of equivalent means was tested for 
each data group according to the following formulas: 
292 
293 
whereµ= population mean. 
Reject H0 if I ti > t 012 (Nl+N2 _2 , (for equal CJ 2 ) 
or if I t I > t 012 (DF) ( for unequal CJ 2 ) 
where 
DF = s1 2 + S2 2 ')2 
Nl N2 
Sl 2 2 S2 2 
Nlj + Q2) 
Nl N2 
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